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ABSTRACT 
Background and purpose: Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive neuromodulation technique used to treat many neurological and psychiatric 
conditions. However, not much is known about the mechanisms underlying its efficacy 
because human rTMS studies are mostly non-invasive while most animal studies are 
invasive. Invasive animal studies allow for cellular and molecular changes to be detected 
and hence, have been able to show that rTMS may alter synaptic plasticity in the form of 
long-term potentiation. This is the first rodent study using non-invasive resting state 
functional magnetic resonance imaging (rs-fMRI) to examine the effects of low-intensity 
rTMS (LI-rTMS) in order to provide a more direct comparison to human studies. 
Methods: rs-fMRI data were acquired before and after 10 minutes of LI-rTMS intervention 
at one of four frequencies—1 Hz, 10 Hz, biomimetic high frequency stimulation (BHFS) and 
continuous theta burst stimulation (cTBS)—in addition to sham. We used independent 
component analysis to uncover changes in the default mode network (DMN) induced by 
each rTMS protocol. 
Results: There were considerable rTMS-related changes in the DMN. Specifically, (1) the 
synchrony of resting activity of the somatosensory cortex was decreased ipsilaterally 
following 10 Hz stimulation, increased ipsilaterally following cTBS, and decreased bilaterally 
following 1 Hz stimulation and BHFS; (2) the motor cortex showed bilateral changes 
following 1 Hz and 10 Hz stimulation, an ipsilateral increase in synchrony of resting activity 
following cTBS, and a contralateral decrease following BHFS; and (3) in the hippocampus, 
10 Hz stimulation caused an ipsilateral decrease while 1 Hz and BHFS caused a bilateral 
decrease in synchrony. There was no change in the correlation of the hippocampus induced 
by cTBS.  
Conclusion: The present findings suggest that LI-rTMS can modulate functional links within 
the DMN of rats. LI-rTMS can induce changes in the cortex, as well as in remote brain regions 
such as the hippocampus when applied to anaesthetised rats and the pattern of these 
changes depends on the frequency used, with 10 Hz stimulation, BHFS and cTBS causing 
mostly ipsilateral changes in synchrony of activity in the DMN and 1 Hz stimulation causing 
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bilateral changes in synchrony, with the contralateral changes being more prominent than 
ipsilateral changes. Hence, combined rTMS-fMRI emerges as a powerful tool to visualise 
rTMS-induced cortical connectivity changes at a high spatio-temporal resolution and help 
unravel the physiological processes underlying these changes in the cortex and 
interconnected brain regions. 
Keywords- rTMS | resting-state | functional MRI | ICA | default mode network  
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CHAPTER ONE: INTRODUCTION 
1.1 OVERVIEW 
Electrical stimulation of nerves, for example in electroconvulsive therapy (ECT), has been 
shown to modulate depression and many types of seizures (Fujiki and Steward 1997). In 
ECT, the excitable membranes of neurons are depolarised by applying a current to the body 
via surface or implanted electrodes (George and Wassermann 1994). Even though this 
technique has been widely used in the treatment of several psychiatric conditions, it can be 
painful as the current can cause sensory neurons to fire (Barker and Freeston 2007). 
Moreover, ECT can have undesirable side-effects such as amnesia and it is invasive as it 
involves delivery of electrical signals via implanted electrodes (Fujiki and Steward 1997). It 
is also difficult to stimulate deep brain structures via surface electrodes because of the high 
electrical resistance of the skull (Barker and Freeston 2007). 
An alternative non-invasive and painless approach is to use transcranial magnetic 
stimulation (TMS) to induce a current in the brain, where it can cause neurons to fire by 
changing their electrical environment (Wassermann and Zimmermann 2012). TMS is able to 
stimulate the human brain and deep peripheral nerves without causing pain as there is no 
induced current that passes through the skin, where most of the pain fibre nerve endings 
are located (Barker and Freeston 2007). This lack of discomfort enables the technique to be 
readily used on patients and volunteers for research and therapeutic purposes (Barker and 
Freeston 2007). 
Delivering long trains of closely spaced pulses (repetitive TMS or rTMS) can have effects on 
neuro-excitability and behaviour that exceed the duration of the stimulation. For example, 
rTMS delivered at low intensities (LI-rTMS) can promote re-organisation of abnormal or 
damaged neural circuits in animals (Makowiecki et al. 2014) and cause long-term 
behavioural changes in patients with psychiatric and neurological disorders (Pridmore and 
Belmaker 1999). George and colleagues (1995) were the first to use rTMS as a tentative 
treatment for depression. Since then, rTMS has been shown to have therapeutic potential 
for a range of psychiatric disorders, including unipolar (Xia et al. 2008, Gaynes et al. 2014) 
and bipolar depression (Xia et al. 2008), schizophrenia (Dlabač-de Lange et al. 2010), 
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obsessive-compulsive disorder (Jaafari et al. 2012) and post-traumatic stress disorder (Clark 
et al. 2015) as well as neurological disorders such as Parkinson’s disease (Arias-Carrion 
2008), dystonia (Machado et al. 2011), tinnitus (Soleimani et al. 2015), epilepsy (Pereira et 
al. 2016) and stroke (Corti et al. 2012). rTMS has also shown promising results in the 
treatment of pain syndromes such as migraine (Lipton and Pearlman 2010) and chronic pain 
(Galhardoni et al. 2015). In 2008, an rTMS device developed by Neuronetics was approved 
by the Food and Drug Administration in the United States for the treatment of patients with 
major depressive disorder who are resistant to at least one antidepressant drug (O’Reardon 
et al. 2007). 
Even though rTMS is being used in a clinical setting and clinical trials are abundant, not much 
is known about the mechanisms underlying its efficacy (Wassermann and Lisanby 2001). 
This knowledge gap is because human studies use mostly non-invasive methods such as 
fMRI, TMS and behaviour to investigate the effects of rTMS while animal studies mostly use 
invasive methods. Animal models using the same outcome measures that are applied in 
humans will allow for direct comparison of animal and human data and hence, provide 
valuable insight into how the effects of rTMS in rodents might translate to humans. de 
Sauvage et al. (2008) assessed the applicability of using rats to investigate the effects of 
rTMS and extrapolating the findings to humans by comparing human and rat data in the 
literature. The authors compared the current densities observed in the motor cortex in 
human and rat brains at motor threshold. The results supported the use of rat models of 
rTMS as the current densities at motor threshold in rats using flat custom-made coils did 
not differ significantly from those in humans despite the difference in brain size and 
structure (Section 1.2.5). de Sauvage et al. (2008) also evaluated the genotoxicity of rTMS 
and showed that rTMS, when applied in a similar way as human rTMS during treatment of 
depression, does not cause any damage to DNA in the rat brain cells.  
Animal models can be used to study the effects of rTMS using non-invasive techniques as in 
humans to allow direct comparison of human data with animal data and also with 
subsequent invasive techniques to explore those effects in greater detail. This can 
potentially impact on our knowledge of the underlying mechanisms by which rTMS has its 
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effects and hence allow for the development of optimal combinations of rTMS parameters 
(e.g. frequency, intensity), which will improve the efficacy of rTMS as a therapeutic tool.   
1.2 TRANSCRANIAL MAGNETIC STIMULATION (TMS) 
1.2.1 The principle behind TMS 
Faraday’s law of electromagnetic induction states that moving magnetic fields can induce a 
transient electrical current in a nearby conductor (Faraday 1965). TMS is a technique that 
has applied this principle to induce an electrical current in adult human brains (Barker et al. 
1985, Walsh 1998). A wound coil is placed on the scalp of the subject over the region of 
interest (Figure 1). The magnetic field, induced by the current flowing through the TMS coil, 
passes into the brain unimpeded by skin, muscle or skull (Walsh 1998). This magnetic field 
induces a current within the brain (Walsh 1998). Magnetic field strength is typically 
expressed in Tesla (T). A classic TMS device creates a moderately powerful magnetic field of 
1 to 2.5 T that lasts for a few milliseconds (Rossini et al. 1994). 
 
Figure 1. Neuronal activation by TMS using "figure-of-eight" coil. The electrical current in the 
coil (1) generates a magnetic field (2), which induces a current in the brain (3). This causes stimulation of 
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neurons (4), with the optimum site of activation shown as dark blue spots in the inset. The electrical current 
in the coil and the current induced in the brain flow in the same plane, tangential to the skull-brain surface. 
(Edwards et al. 2008). 
TMS stimulates activity in neurons, affecting the functioning of the cortex (Walsh 1998). The 
effects of TMS on neural function are then measured indirectly, for example by recording 
muscle activity in the thumb (Walsh 1998). When TMS is directed over the primary motor 
cortex (M1), the corticospinal tract is activated, causing the spinal cord and peripheral 
muscles to produce neuroelectrical signals known as the motor-evoked potentials (MEPs) 
(Figure 2) (Miniussi and Rossini 2011) and these outcome measurements will be discussed 
in greater detail in section 1.3.1).  
 
Figure 2. Transcranial magnetic stimulation (TMS) applied over the motor cortex activates 
neurons leading to a corticospinal volley down the corticospinal tract. Action potentials lead 
to a contraction in the contralateral muscle evoking a motor-evoked potential (MEP) on electromyography 
(EMG). The peak-to-peak amplitude is used to estimate corticospinal tract excitability. Adapted from Klomjai 
et al. (2015). 
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Early TMS devices emitted only a single, brief pulse. Modern devices can generate a rapid 
succession of pulses, called rTMS. These devices can discharge on and off for several 
minutes. They can deliver pulses at different rates (frequency) and in different patterns 
(Section 1.2.2.1). 
The after-effects of rTMS depends on the experimental design (for review, see Klomjai et al. 
2015). The factors that determine the magnitude and duration of change in excitability of 
the brain and whether this change is an increase or a decrease can be divided into three 
principal categories — geometry (coil shape and orientation), strength of stimulation 
(intensity) and timing (Pell et al. 2011). Geometry refers to the interaction of the spatial 
distribution and orientation of the induced electric field with the cortical neuroanatomy. 
The intensity of rTMS used determines whether there is an action potential firing following 
stimulation or not, with only high-intensity stimulation being able to trigger firing of an 
action potential and hence a muscle response if applied to M1 (Section 1.2.2.2). Timing 
refers to the direct influence of the timing of the stimulus pattern, for example, the 
frequency of the stimulus and the duration of stimulation on the effect of rTMS on neuro-
excitability (Section 1.2.2) (Pell et al. 2011). In this study, our main focus is on the effect of 
rTMS frequency. 
1.2.2 Different rTMS paradigms 
1.2.2.1 The different rTMS frequencies and patterns of stimulation 
The effect of the different rTMS paradigms used depends on the inter-pulse interval 
(number of pulses per second) and the pattern of stimulation (presence and length of 
intervals between trains of pulses) (Oberman 2014). The four commonly used paradigms 
are 1 Hz, 10 Hz, continuous theta burst stimulation (cTBS), and intermittent theta burst 
stimulation (iTBS) (Figure 3). A relatively new but more complex stimulation pattern called 
biomimetic high frequency stimulation (BHFS) has also recently been used in pre-clinical 
studies (Rodger et al. 2012, Makowiecki et al. 2014) (Figure 3). 
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Figure 3. Repetitive transcranial magnetic stimulation (rTMS) protocols. Simple frequencies 
(1 Hz and 10 Hz) consist of identical stimuli spaced by an identical inter-stimulus interval. Theta burst 
stimulation (TBS) involves bursts of high-frequency stimulation (3 pulses at 50 Hz) repeated with an interval 
of 0.2 s (5 Hz). In continuous TBS (cTBS), bursts are applied continuously for 40 s (i.e. 600 stimuli) without 
breaks. In an intermittent TBS (iTBS) protocol, bursts are delivered for 2 s, then repeated every 10 s (2 s of TBS 
followed by a break of 8 s) for a total duration of 190 s (i.e. 600 stimuli). Biomimetic high frequency stimulation 
(BHFS) involves 62.6 ms trains of 20 pulses repeated at a frequency of 9.75 Hz. Adapted from Klomjai et al. 
(2015). 
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Simple frequencies like 1 Hz (1 pulse per second) and 10 Hz (10 pulses per second) are used 
to deliver regular continuous stimulus trains with no inter-train interval (Oberman 2014). A 
large body of literature shows that low-frequency (1 Hz) rTMS decreases brain excitability 
while high-frequency (10 Hz) rTMS increases brain excitability in humans (for review, see 
Klomjai et al. 2015). Studies investigating MEP size after application of different rTMS 
frequencies to M1 found that repeated high-intensity stimulation at a low frequency (1 Hz) 
caused a transient reduction in cortical excitability, leading to a reduction in MEP amplitude 
(Pascual-Leone et al. 1994, Chen et al. 1997). At higher frequencies (5-20 Hz), rTMS 
enhanced the cortical responses, which was detected by an increase in MEP-size (Pascual-
Leone et al. 1994). Similar results were obtained when changes in absolute regional cerebral 
blood flow (CBF) in adult patients with major depression were measured using positron 
emission tomography (PET) imaging, following high and low frequency rTMS on the left 
prefrontal cortex (Speer et al. 2000).  1 Hz stimuli decreased regional CBF in a small areas 
within the right prefrontal cortex, left medial temporal cortex, left basal ganglia, and left 
amygdala while 10-20 Hz rTMS stimuli caused a significant increase in the regional CBF in a 
number of brain regions (prefrontal cortex, cingulate gyrus, left amygdala, bilateral insula, 
basal ganglia, uncus, hippocampus, parahippocampus, thalamus, and cerebellum) (Speer et 
al. 2000).  
Theta burst stimulation (TBS) uses a composite stimulation pattern, consisting of repeating 
bursts of stimuli (Larson et al. 1986). Each burst consists of 3 pulses of stimulation at 50 Hz, 
and the bursts are repeated at 5 Hz (0.2 s) (for review, see Cardenas-Morales et al. 2010). 
This pattern of stimulation is based on the endogenous brain oscillations observed in the 
hippocampus (Huang et al. 2005). The effect of TBS on M1 depends on the pattern of 
stimulation (Figure 3): cTBS or iTBS (Ljubisavljevic et al. 2015). The two main modalities 
tested have been shown to have opposite effects on brain excitability. When a continuous 
train of TBS was applied for 40 s (i.e. 600 stimuli) to M1 in humans (cTBS), it caused inhibition 
of the corticospinal output, which was detected by a decrease in MEP amplitude (Figure 4) 
(Huang et al. 2005). There were changes in intracortical facilitation and a short duration of 
intracortical inhibition, which confirmed that TBS affects the excitability of neuronal circuit 
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within M1 (Huang et al. 2005). Intracortical facilitation is an excitatory phenomenon and 
short interval intracortical inhibition is an inhibitory phenomenon evoked in the M1 by 
conditioning stimuli (in this case, TBS) as detected in the EMG response. In contrast, when 
TBS was applied with short breaks (iTBS), with a 2 s train of TBS repeated every 10 s (2 s TBS 
followed by 8 s pause) for 190 s (i.e. 600 stimuli), a significant increase in MEP size (Figure 
4) and short duration of intracortical inhibition was observed while intracortical facilitation 
was unaffected (Huang et al. 2005). Huang et al. (2005) also showed that a shorter 
stimulation time and a lower intensity application is required when using TBS over M1 to 
have the same significant after-effects as other rTMS protocols (e.g. simple frequencies like 
1 Hz and 10 Hz) and that these after-effects can last for up to an hour after application 
(Huang et al. 2005).  
 
Figure 4. The size of motor-evoked potentials (MEPs) is smaller after continuous theta 
burst stimulation (cTBS) and more pronounced after intermittent theta burst stimulation 
(iTBS) compared to baseline. After cTBS is applied to the motor cortex, MEPs show decreased amplitude 
for a period of 20–30 min, whereas iTBS causes an increase in the amplitude of MEPs for approximately the 
same amount of time. Adapted from Oberman (2014). 
Even though there can be a wide range of frequencies and stimulation patterns, the effect 
of frequency has not really been investigated beyond the four conventional frequencies 
described above (1Hz, 10Hz, cTBS and iTBS) in humans. There is a lot of potential to discover 
other frequencies, which can possibly have different neuronal effects. This could allow 
stimulus frequencies to be selected in a logical way in order to produce particular effects in 
the brain. This potential has been shown in animal models using BHFS at low intensity 
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(Rodger et al. 2012, Morellini et al. 2015). BHFS is a complex waveform (Martiny et al. 2010) 
that replicates the patterns of nerve activation in muscles during exercise (Rodger et al. 
2012) and is based on the patent PCT/AU2007/000454 of Global Energy Medicine. Like TBS, 
it has the potential to integrate with the brain’s own endogenous firing patterns, and 
therefore to be more powerful than more simple firing frequencies. It involves a total of 10 
min stimulation period and comprises of 62.6 ms trains of 20 pulses, repeated at a frequency 
of 9.75 Hz (Grehl et al. 2015). The trains are repeated at 6.71 Hz for 1 min (warm-up), 10.1 
Hz for 8 min (treatment), and 6.26 Hz for the last minute (cooldown) (Rodger et al. 2012). 
BHFS has been used in the treatment of joint injuries but not in the brain because this 
stimulation frequency is new and has not been fully characterised as yet. Although it has 
not been applied therapeutically in humans, animal research has shown that it causes 
reorganisation of abnormal neural networks (Rodger et al. 2012, Makowiecki et al. 2014) 
and induces climbing fibre reinnervation in denervated hemi-cerebellum (Morellini et al. 
2015).  
1.2.2.2 The different rTMS intensities 
The majority of rTMS studies define the intensity of the stimulation as a percentage of the 
resting motor threshold (Rossini et al. 1994). The resting motor threshold is the minimum 
stimulatory intensity required to produce an MEP of a minimum of 50 μV (Lee et al. 2006). 
For rTMS stimulation intensities around the resting motor threshold (Lee et al. 2006), 
membrane depolarization caused by the electric field from rTMS generates action 
potentials, leading to synaptic transmission and excitatory or inhibitory postsynaptic 
potentials (described in section 1.3.1). On the other hand, if rTMS is used at very low 
intensities, for example during LI-rTMS applied in animal models (Rodger et al. 2012, 
Makowiecki et al. 2014) as performed in the present study, or experimentally in humans 
(Capone et al. 2009, Rohan et al. 2014), the weak induced currents do not induce action 
potentials, but nonetheless induce plasticity by other mechanisms (Section 1.2.3).  
1.2.3 The after-effects of rTMS – Synaptic Plasticity (LTP and LTD) 
Through the use of different frequencies of stimulation, rTMS allows for transient 
modulation of neural excitability as described above (Section 1.2.2.1). More importantly, 
these effects can outlast the stimulation period, leading to synaptic plasticity (for review, 
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see Miniussi and Rossini 2011). Plasticity is any lasting structural or functional change in 
neuronal or network properties following a change in the body or the external environment 
(Donoghue et al. 1996). Synaptic plasticity refers to the long-term changes in the pattern 
and functions of synaptic connectivity and is closely related to the development of the 
nervous system and important brain functions, including injury repair, learning and memory 
formation (Wang et al. 2010). An important mechanism of synaptic plasticity follows the 
Hebbian theory (Hebb 1949) in which there is a cause-effect relationship between the firing 
of presynaptic and postsynaptic neurons. Hebb (1949) hypothesised that synaptic efficacy 
is enhanced when the presynaptic and the postsynaptic neurons are activated 
simultaneously. The repetitive use of a function, for example in reinforcement-associated 
behavioural motor-training tasks, is known to induce learning via this mechanism as it 
activates specific cortical circuitry (Miniussi and Rossini 2011). Repetitive brain stimulation 
may induce plasticity via the same principles as it can generate a prolonged depolarising 
response in both pre and postsynaptic neurons, thus strengthening the neural circuitry.  
Two important and widespread forms of synaptic plasticity are long-term potentiation (LTP) 
and long-term depression (LTD). LTP and LTD are synaptic processes that increase or 
decrease neuronal excitability respectively (Bliss and Lomo 1973, Malenka and Bear 2004). 
Experimental work on animals and human studies suggest that the long-term effects of 
rTMS on brain excitability are related to plastic changes similar to LTP and LTD (animal 
studies: Vlachos et al. 2012, Funke and Benali 2011, human studies: Beck et al. 2000, 
Thickbroom 2007).  
The plasticity induced by rTMS appears to be dependent on the activation of NMDA 
receptors (N-methyl-D-aspartate receptors) (Rowland et al. 2005), which are central to 
classical LTP and LTD mechanisms. Repeated stimulation of neurons results in glutamate 
binding to the NMDA receptor, causing the opening of magnesium-blocked Ca2+ channels 
and hence, allowing Ca2+ to flow into the postsynaptic cell (Figure 5). Intracellular Ca2+ 
concentration then determines the direction of plasticity downstream of NMDA receptor 
activation. The “calcium hypothesis” of LTP and LTD states that whether plasticity leads to 
LTP or LTD is determined by the degree of the increase in intracellular Ca2+, with a big rise 
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in Ca2+ due to strong depolarisation inducing LTP, and a smaller increase in Ca2+ due to weak 
depolarisation inducing LTD (Artola and Singer 1993).  
 
Figure 5. Intracellular signalling mechanisms for long-term potentiation (LTP) and long-
term depression (LTD). Glutamate (green) binds to NMDA receptors, causing the repulsion of Mg2+ ions 
and influx of Ca2+. In LTP, Ca2+ binds to the Ca2+/calmodulin complex, which ultimately leads to the 
phosphorylation of the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor. This 
causes more AMPA receptors to be inserted into the membrane and encourages the influx of Na+ ions upon 
binding of glutamate. In LTD, calcium activates phosphatases, which dephosphorylate the AMPA receptor, 
resulting in its internalisation and a decrease in its permeability to Na+. Adapted from Mc Dermott (2015). 
A high increase in the concentration of Ca2+ activates a calcium-calmodulin-dependent 
kinase, which phosphorylates alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors in cortical neurons (Malenka and Bear 2004). Direct phosphorylation of 
existing AMPA receptors and insertion of additional postsynaptic AMPA receptors facilitate 
permeation of sodium ions, leading to LTP (Malenka and Bear 2004). These events are 
consistent with stimulation using high-frequency rTMS, leading to potentiation (Bliss and 
Cooke 2011).  
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In contrast, a weak depolarisation of the postsynaptic cell induces a small increase in 
intracellular Ca2+ via the activation of NMDA receptors (Malenka and Bear 2004). This 
triggers a different cascade of events leading to the dephosphorylation of the AMPA 
receptor by a phosphatase (Malenka and Bear 2004). Dephosphorylation leads to a 
reduction in the number of AMPA receptors on the postsynaptic membrane due to 
internalisation of these receptors and there is a decrease in their permeability to sodium 
ions, resulting in LTD (Malenka and Bear 2004). If NMDA receptors are blocked by NMDA 
receptor antagonists, low-frequency rTMS is unable to cause neuronal modulation (Muller 
et al. 2014). Therefore, stimulation at low frequency (1 Hz) may have an LTD-like effect as 
the absence of neuronal effect in the presence of NMDA receptor blockers suggest that this 
form of cortical plasticity induced by rTMS is dependent on the NMDA receptors (Muller et 
al. 2014).  
1.2.4 Variability in rTMS effects in humans 
The induction of cortical plasticity as described above has been the driving force behind 
clinical studies of rTMS as a potential treatment of neurological and psychiatric conditions. 
However, even in neurologically normal subjects the variability in their response to rTMS is 
high (Maeda et al. 2000). Increasing evidence suggests that rTMS may not induce reliable 
and reproducible effects, therefore limiting the current therapeutic usefulness of this 
technology (for review, see Ridding and Ziemann 2010). 
Figure 6 below summarises some of the factors inducing variability in rTMS effects, although 
many are still unknown. The gender of the subject induces the smallest variability in rTMS 
results. Females are slightly more responsive to rTMS than males (Ridding and Ziemann 
2010). Regular aerobic exercise and diet can also modify plasticity. These factors are known 
to increase learning and memory formation via several mechanisms including increased CBF 
and neurotrophic factors (for review, see van Praag 2009). Additionally, the variation of 
cortisol levels with respect to time of the day makes time an important determinant of the 
degree of plasticity induced following brain stimulation. It has been reported that there is 
an increased plasticity in M1 in the afternoon when cortisol levels are low (Sale et al. 2007, 
2008). It is well established that there is a decline in neuroplasticity, learning and memory 
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with age in both healthy individuals and those with neurological and psychiatric conditions. 
A decline in rTMS-induced plasticity with age has also been noted in both cohorts (Ridding 
and Ziemann 2010). The use of neuropharmacological drugs influences plasticity induced by 
non-invasive brain stimulation. For example, given that cortical synaptic plasticity depends 
on NMDA receptors (Section 1.2.3), drugs such as dextromethorphan, which act as NMDA 
receptor antagonists can prevent rTMS from inducing LTP-like and LTD-like plasticity 
(Ridding and Ziemann 2010). One of the potential mechanisms by which rTMS induces 
plasticity is believed to be by inducing gene expression (Sections 1.4.1 and 1.4.2). As such, 
genetic polymorphisms in plasticity-regulating genes may have a great impact on the 
response to treatment (Ridding and Ziemann 2010).  
Considering the significant inter- and intra-individual variability in the after-effects induced 
by rTMS, a better understanding of how rTMS affects the brain is required (Muller-Dahlhaus 
and Vlachos 2013). The extent to which variability is introduced into the experiments can 
be limited in animal studies by controlling for gender, age, diet, drugs, genetic background 
and time at which experiments are carried out. Therefore, animal models of rTMS can 
possibly overcome the confounding effects of variability in the data and help us dissect out 
the relative contributions and possible impacts of these factors.  
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Figure 6. Relative magnitude (y-axis) and potential significance (x-axis) of determinants of 
plasticity induction by non-invasive brain stimulation in persistently determining the 
direction and magnitude of the induced plasticity. Potential significance is a rather subjective 
approximation made by the authors of the likelihood of the various determinants to persistently impact on 
the direction and magnitude of the induced plasticity in future studies. A percentage change of zero on the y-
axis denotes the level of plasticity that would be expected to be induced by non-invasive brain stimulation in 
a randomly sampled group of adults. Colours of bars (see legend) indicate the level of evidence from the 
number and consistency of available studies. Abbreviations: AG, agonist; ANT, antagonist; DA, dopamine; Ach, 
acetylcholine; NE, noradrenaline. (Ridding and Ziemann 2010).  
1.2.5 rTMS delivery in humans vs. rodents 
In humans, the "figure-of-eight" coil (Figure 7A) is used with the stimulation hotspot (shown 
in dark grey) positioned over the target brain region in order to provide optimal focal 
stimulation (Rodger and Sherrard 2015). Brain areas adjacent to the stimulated region also 
receive some stimulation but at much lower intensity.  
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Figure 7. Summary of available and desired coils for rTMS in animal studies that are 
equivalent to those used in human studies. The coils are shown in black and the estimated stimulated 
region is in grey. Panel A shows the area of stimulation when human “figure-of-eight” coils are used in humans, 
mice and rats. Panel B shows a smaller “figure-of-eight” coil used for animals. Panel C shows custom-made 
circular coils used in rodents. Panel D shows how an ideal small “figure-of-eight” coil would be able to provide 
focal stimulation in animals while maintaining a similar coil to target ratio as that used in humans. Adapted 
from Rodger and Sherrard (2015). 
Using the standard, human-sized “figure-of-eight” coil in animals would stimulate the entire 
brain of the rodent and also an appreciable portion of its body (Figure 7A). The hotspot is 
no longer focal relative to the target, and the induced current is no longer contained within 
the target brain region (Vlachos et al. 2012). This effectively decreases the efficiency of rTMS 
and changes the properties of the induced current, rendering the animal models unreliable 
and extrapolations to focal stimulation in humans invalid (Wassermann and Zimmermann 
2012).  
The smaller size of rodents leads to additional considerations in comparison to humans 
when scaling down rTMS for rodents due to the interaction of size and magnetic field 
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(Wassermann and Zimmermann 2012). Smaller sized “figure-of-eight” coils (Figure 7B) can 
be used. This improves focality to one hemisphere in rats but still has reduced efficiency of 
induction (Rodger and Sherrard 2015). To circumvent this issue, one possible approach is to 
construct appropriately sized coils for use in animal studies. Custom-made round coils 
(Figure 7C) have been used to deliver focal stimulation in rodents as they are small enough 
to stimulate one hemisphere in both mice and rats (Rodger et al. 2012, Makowiecki et al. 
2014), with the induced current fully contained within the brain, increasing the efficiency of 
induction.  These coils induce the current as circular loops with the induced current 
stimulation hotspot being under the windings of the coil (Rossini et al. 1994). There is no 
induced current under the centre of the coil, and therefore, no stimulation occurs there 
(Rossini et al. 1994). 
However, there is a heat dissipation problem when using small round coils, especially with 
high-intensity rTMS (Cohen and Cuffin 1991). Therefore, the custom-made coils can deliver 
only low-intensity magnetic fields (LI-rTMS) (Rodger and Sherrard 2015). While most of the 
animal studies in the literature (except for those conducted by our laboratory) have used 
the large human coils in spite of the issues discussed above, in the present study, we have 
used a small custom-made circular coil to deliver LI-rTMS to rats to one hemisphere of the 
brain. Even though LI-rTMS cannot induce action potentials in the brain, it is able to induce 
changes in intracellular calcium levels and regulate gene expression (Grehl et al. 2015), 
which underpin short and long lasting changes in excitability and structural reorganisation 
(Makowiecki et al. 2014) (Section 1.4). 
1.3 MEASURING THE EFFECTS OF rTMS NON-INVASIVELY 
1.3.1 Detecting the effects of rTMS using EEG and EMGs 
Studies on the excitability of M1 in humans have revealed how the physiology of the cortex 
is changed immediately following rTMS due to its activation. TMS-compatible 
electroencephalography (EEG) equipment, an approach that is gaining in popularity, was 
used by Komssi et al. (2004) to detect the effect of rTMS on neuronal activation. Stimulation 
intensity of only 60% motor threshold could elicit a clear response in the brain as a distinct 
global mean field amplitude waveform was detected in the EEG recordings in all subjects 
(Komssi et al. 2004, Kähkönen et al. 2005). 
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A change in motor cortical excitability can also be detected as a change in the amplitude of 
MEPs in peripheral muscles (Figure 2 & 4) following rTMS as compared to baseline MEP 
amplitude (Wassermann and Zimmermann 2012). High-intensity TMS is used to deliver 
stimulation above the resting motor threshold, and a twitch is observed in the peripheral 
muscles (Lee et al. 2006). There is adequate membrane depolarization caused by the 
electric field from TMS, which generates action potentials, leading to synaptic transmission 
and excitatory or inhibitory postsynaptic potentials (Klomjai et al. 2015). The size of the 
evoked muscle response detected as electromyographic (EMG) activity in specific muscles 
reflects the excitability of the corticospinal system (see Figure 4 for the difference in MEP 
size before and after cTBS and iTBS) (Lee et al. 2006). 
1.3.2 Detecting rTMS-induced changes using brain imaging techniques 
Several brain imaging procedures such as single photon emission computed tomography, 
functional magnetic resonance imaging (fMRI) and PET have been used to study how brain 
activity is modified by rTMS during or up to 30 min after stimulation in humans (Reithler et 
al. 2011). The changes in brain activity using brain imaging techniques are determined from 
a change in cerebral glucose metabolism and blood flow, which reflect the level of cellular 
activity (Raichle 2009). Changes in haemodynamics in the brain are coupled with neural 
activity and hence co-vary with stimulation duration and frequency of rTMS used (Allen et 
al. 2007). Increases and decreases in activity have been found depending on the stimulated 
brain region and the frequency of rTMS (Bohning et al. 1999, Kimbrell et al. 1999). For the 
purpose of this study, we will focus on the use of fMRI to detect changes in brain activity. 
1.3.3 fMRI study of brain activation 
1.3.3.1 Background to MRI 
MRI provides mainly anatomical information (Ogawa et al. 1990). It uses a strong magnetic 
field, generated by a large magnet, to align the nuclear spins of the hydrogen atoms in 
water. Since this magnetic field is static, the magnetic resonance (MR) signal received by 
receiver coils has no spatial information and hence, cannot be used to create an image. A 
gradient coil is used to give this spatial information by generating short-term spatial 
variations in magnetic field strength across the subject. Transmitter coils send radio 
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frequency pulses, which create a secondary magnetic field that oscillates perpendicular to 
the main field. This secondary magnetic field exerts a torque on the net magnetisation that 
causes it to rotate out of alignment with the scanner’s main magnetic field, and into the 
plane in which the secondary magnetic field oscillates. The net magnetisation rotating 
induces a voltage and current in the receiver coil. After a few milliseconds, the nuclear spins 
dephase due to interactions with their surroundings and the signal intensity decreases. 
  
Figure 8. Anatomical MRI image of a healthy human brain showing the left (1) and right 
(2) dorsolateral prefrontal cortex and left anterior cingulate cortex (3) in trans-axial 
orientation. Adapted from Michael et al. (2003). 
While MRI is static, there is an extension of this technique that is used to measure brain 
activity: fMRI is a neuroimaging procedure that uses a powerful magnetic field with radio 
frequency pulses to non-invasively measure brain activity by detecting changes in blood 
flow and oxygenation in the draining veins, that is, downstream of the active brain region 
(McRobbie et al. 2007, 340). The basis of fMRI is that it measures the haemodynamic 
response to change in neuronal activity based on the change in the ratio of oxyhaemoglobin 
and deoxyhaemoglobin in the blood (Ogawa et al. 1990). Physiological activation of the 
brain leads to an increase in CBF in that specific brain region. This increase is, however, 
greater than the increase in demand for and hence the supply of oxygen (Mintun et al. 2001) 
or glucose (Powers et al. 1996) to neurons. The increase in CBF, therefore, does not match 
the increase in oxygen consumption by the brain tissue (Fox and Raichle 1986, Fox et al. 
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1988). As such, brain activation increases blood oxygenation in blood vessels in the brain 
(Figure 9) (Ogawa et al. 1990).  
 
Figure 9. The difference in blood oxygenation at resting state (a) and when the brain is 
active (b). Over-provision of fully oxygenated blood in active brain regions causes a reduction in the 
concentration of deoxyhaemoglobin in draining veins. (McRobbie et al. 2007) 
Blood oxygenation is an important factor that determines the magnitude of the fMRI signal. 
Deoxyhaemoglobin in the blood has been shown to change the signal from water molecules 
surrounding a blood vessel (Ogawa et al. 1990). The iron in haemoglobin, due to its 
electrons, acts as a tiny magnet when exposed to a magnetic field during an fMRI scan 
(Raichle 2009). The effect of the iron is masked when the haemoglobin is oxygenated, such 
that oxyhaemoglobin does not disrupt the magnetic field (Raichle 2009). Oxyhaemoglobin 
is said to be diamagnetic (only paired electrons) but when it loses its oxygen molecules, it 
becomes deoxyhaemoglobin, which is paramagnetic (has unpaired electrons) due to the 
exposed iron (Ogawa et al. 1990, Raichle 2009). Para-magnetism affects magnetic 
susceptibility, which means that the presence of paramagnetic deoxyhaemoglobin 
decreases the signal intensity and creates a contrast between the blood vessel and the 
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surrounding tissue (Ogawa et al. 1990). This contrast depends primarily on blood oxygen 
level and is therefore controlled by the ratio of blood supply or flow and demand by the 
tissue. The contrast created by the presence of deoxyhaemoglobin can be used to monitor 
blood oxygenation in different parts of the brain based on metabolism or blood flow (Ogawa 
et al. 1990). This is more commonly referred to as blood-oxygen-level-dependent contrast 
imaging or BOLD-contrast imaging. Both an increase and a decrease in brain activity from a 
physiological baseline can be detected in fMRI because it uses the paramagnetism of 
deoxyhaemoglobin as an in vivo MRI contrast agent (Raichle 2009).  
1.3.3.2 Use of fMRI to determine changes induced by rTMS  
Bohning et al. (1998) were the first to combine the use of TMS and fMRI in human subjects. 
They applied high-intensity TMS to the brain, which resulted in a significant increase in 
activity in M1 as detected by the fMRI scan. Their experiment demonstrated the feasibility 
of interleaving TMS and fMRI protocols, that is, simultaneous TMS stimulation and fMRI 
imaging inside an MRI scanner. This approach allows for direct visualisation of TMS-induced 
changes in brain activity.  
Soon after, the same authors compared the effect of different intensities of TMS on the 
pattern of activation (80% and 110% resting motor threshold) of neurons in the brain and 
reported an increase activity in both the local brain region (M1) and also in areas distal to 
the stimulation site (for example the contralateral motor cortex and ipsilateral cerebellum), 
illustrating the promise of this technique for mapping patterns of connectivity between 
brain areas (Bohning et al. 1999). They also showed that high-intensity (above motor 
threshold) TMS was associated with a greater increase in activity both locally and remotely 
compared to low-intensity (less than motor threshold) TMS. However, the increase in 
activity could be the result of cortical processing of re-afferent feedback from contractions 
evoked in the hand muscle by the supra-threshold stimulation rather than the result of a 
direct effect of TMS itself. This hypothesis was then supported by Bestmann et al. (2004), 
who used interleaved fMRI/rTMS to compare the activation pattern for high- and low-
intensity rTMS. They showed that fMRI is able to detect the effects of sub-threshold 
stimulation, thus validating our approach of using fMRI to detect effects of LI-rTMS.  
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According to Bestmann et al. (2004), the changes detected in brain regions remote to the 
site of stimulation when LI-rTMS is applied to the cortex are due to altered synaptic 
transmissions remotely caused by a change in excitability of the stimulated region. 
Therefore, fMRI can be used to assess connectivity before and after rTMS to study the 
changes induced by stimulation. A range of human studies has been conducted, which have 
combined the use of rTMS with fMRI in order to record the rTMS-induced changes in 
hemodynamic activity both in healthy subjects and subjects with neurological diseases 
(Schneider et al. 2010, Fox et al. 2012). In healthy subjects, for example, fMRI was used to 
detect plastic changes induced in the brain when 5 Hz LI-rTMS was applied to the right 
dorsolateral prefrontal cortex (Esslinger et al. 2014). No change in activation was detected 
at the stimulation site, but there was increased connectivity to the ipsilateral superior 
parietal lobule, which is functionally connected to the right dorsolateral prefrontal cortex 
during working memory (Esslinger et al. 2014). This increased connectivity was associated 
with a decrease in reaction time during a working memory task (n-back task). These results 
indicated the presence of rTMS-induced plasticity in prefrontally connected networks 
downstream of the stimulation site (Esslinger et al. 2014). 
Given that the pathophysiology of many psychiatric and neurological disorders is believed 
to be related to altered neural connectivity and network dynamics, interleaved fMRI/rTMS 
protocols provide an opportunity to investigate altered patterns of neural activity in these 
disorders (for review, see Hampson and Hoffman 2010). Firstly, the activation patterns in 
healthy individuals and patients with neurological or psychiatric conditions can be 
compared after an rTMS session in order to determine how those patterns are disrupted in 
the diseased state (Hampson and Hoffman 2010). For example, Schneider et al. (2010) 
examined the effect of 5 Hz rTMS on the primary somatosensory cortex in dystonia patients 
(a condition associated with impaired somatosensory ability) and healthy controls based on 
their ability to discriminate between two stimulation frequencies applied to the right index 
finger before and after the rTMS session. An fMRI scan was carried out together with the 
tactile discrimination task. rTMS led to an improved performance in the tactile 
discrimination task in healthy controls but not in dystonia patients (Schneider et al. 2010). 
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There was increased activity detected in the stimulated primary somatosensory cortex and 
bilateral premotor cortex in both groups but fMRI detected an increase in activity in the 
basal ganglia in healthy subjects only (Schneider et al. 2010). The authors hypothesised that 
this could be related to altered sensory circuits and sensorimotor integration in dystonia 
patients.  
Secondly, the change in connectivity within the brain brought about by the use of rTMS as 
a treatment method can be used to determine the neural mechanisms of improvement in 
symptoms in the patients. For example, a longitudinal study by Gonzalez-Garcia et al. (2011) 
used fMRI to investigate the mechanisms by which 25 Hz LI-rTMS (10 trains of 100 pulses) 
over M1 for a period of 3 months improves the motor symptoms of Parkinson’s disease. It 
was found that rTMS caused an increase in activity in the caudate nucleus during a simple 
motor task (finger tapping experiment). fMRI also showed a decline in activity in the 
supplementary motor area, which was accompanied by an increase in its functional 
connectivity to the prefrontal areas (Gonzalez-Garcia et al. 2011). These changes 
substantiated the beneficial effect of rTMS on the symptoms of Parkinson’s disease 
observed in the patients. 
Combining fMRI and rTMS has proven useful in a range of other ways. For instance, it has 
provided evidence supporting the link between neural activity in the left inferior prefrontal 
cortex and episodic memory formation (Köhler et al. 2004), demonstrated the involvement 
of premotor cortical areas in speech perception (for review, see Iacoboni 2008) and enabled 
targeting of stimulation based on the individual’s MRI anatomy and hence improvement in 
rTMS effects (Fitzgerald et al. 2009). Because rTMS can have a potential impact in a range 
of conditions and the induced changes can be detected by fMRI, animal models combining 
these two techniques are warranted in order to uncover the mechanisms by which rTMS 
can have this wide variety of effects. 
1.3.3.3 Resting-state fMRI, the default mode network and rTMS 
Resting-state fMRI (rs-fMRI) is used to detect functionally linked brain regions whose 
patterns of spontaneous BOLD contrast fluctuations are temporally correlated when the 
subject is at rest, that is, when no specific stimulus or task is presented (Biswal et al. 1995). 
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These fluctuations are thought to reflect the intrinsic functional architecture of the brain. 
Brain regions with coherent spontaneous fluctuations in activity form an organised network 
called the resting-state network (Biswal et al. 1995). The default mode network (DMN) is 
one of the resting-state networks with a synchronised activity pattern. It shows the highest 
activation when the subject is at rest and is deactivated in goal-oriented tasks (Raichle et al. 
2001). When the subject is at rest, the DMN has a high glucose metabolism (Minoshima et 
al. 1997) and regional blood flow (Raichle et al. 2001) compared to other brain regions. The 
DMN has been associated with cognitive performance and is thought to play an important 
role in neuroplasticity through the consolidation and maintenance of brain function 
(Marcotte et al. 2013). For example, a higher resting-state activity within the DMN would 
favour network efficiency (Kelly et al. 2008) while decreased connectivity between the 
frontal and posterior DMN brain regions would result in functional deficits (Davis et al. 
2009). 
Compared to healthy individuals, people with neurological and psychiatric disorders have 
been identified with DMN dysregulation (for review, see van den Heuvel and Hulshoff Pol 
2010). Disruptions in functional connectivity between brain regions forming part of the 
DMN have been implicated in, inter alia, conditions like Alzheimer’s disease (Greicius et al. 
2004), multiple sclerosis (Lowe et al. 2002, Sbardella et al. 2015), autism (Cherkassky et al. 
2006, Kennedy et al. 2006), epilepsy (Waites et al. 2006), depression (Greicius et al. 2007), 
schizophrenia (Bluhm et al. 2007, Whitfield-Gabrieli et al. 2009), aphasia (Marcotte et al. 
2013) and addiction (Sutherland et al. 2012, Lerman et al. 2014). It has been shown that 
rTMS is able to modulate the resting-state activity of the brain and that DMN plasticity is 
sensitive to rTMS in humans but the direction (increase or decrease in activity) and extent 
of this modulation depend on the rTMS protocol used (for review, see Fox et al. 2012, more 
recent articles: Popa et al. 2013, Glielmi et al. 2014, Jansen et al. 2015, Li et al. 2016).  
Interleaving rs-fMRI and rTMS has opened doors to many possibilities in the clinical setting. 
However, there have been no reports of animal studies using those same techniques and 
also, no systematic investigation of LI-rTMS-induced plasticity using rTMS protocols 
comparable to those used in humans. Because rodents are widely used as preclinical models 
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of various neuropsychiatric diseases, a thorough understanding of how LI-rTMS affects the 
rodent DMN is of particular importance for both interpreting rodent rs-fMRI data and 
translating findings between animal models and humans. Rs-fMRI studies in rodents have 
successfully shown that rodents possess a DMN similar to humans despite the distinct 
evolutionary paths between rodent and primate brains (Lu et al. 2012). Rs-fMRI, being a 
task-free technique, allows for the investigation of connectivity without relying on 
behaviour and therefore, can be applied to anaesthetised animals.  
The present study aims to investigate whether LI-rTMS, applied to one hemisphere of the 
brain, alters the strength or the spatial distribution, or both, of the DMN activity in rats. 
Information about the extent to which DMN activity can be modulated by different rTMS 
frequencies may prove helpful in the development of treatment options to modify 
functional connectivity abnormalities based on the specific brain regions in different disease 
states with dysfunctional DMN activity. To our knowledge, this is the first study to use rs-
fMRI to examine the effects of rTMS in rats and a brief summary of the relevant literature 
will put this study in the context of what is already known from animal studies of rTMS. 
1.4 MEASURING THE EFFECTS OF rTMS IN ANIMALS (INVASIVE) 
1.4.1 Induction of the expression of plasticity-related genes 
TMS can affect normal cellular function by inducing intense neuronal activity, which 
influences gene expression within the brain cells (Pridmore and Belmaker 1999). As shown 
in humans using imaging techniques, when rTMS is applied to the cortex, its effects are 
distributed across the whole brain depending on the frequency used (Section 1.3.3). These 
effects can be detected and studied in animals by measuring changes in gene expression in 
different brain regions, which provide a compelling view of how rTMS can affect areas of 
the brain remote to the site of stimulation.  
Fujiki and Steward (1997) showed that high-frequency rTMS (25 Hz for 10 s) can up-regulate 
the expression of the glial fibrillary acidic protein (GFAP) in mice. GFAP is the main 
intermediate filament in mature astrocytes and is important for modulating astrocyte 
motility and shape by providing structural stability to extensions of astrocytic processes. 
The GFAP mRNA level was elevated for up to 8 days after treatment, with its peak at 24 
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hours post stimulation (Fujiki and Steward 1997). Even though the whole brain received the 
stimulus, its effect was more pronounced in the hippocampal dentate gyrus (Fujiki and 
Steward 1997). The authors hypothesised that the preferential increase in GFAP expression 
in this specific brain region could reflect the pattern of neural activity generated by the 
stimulation parameters used (10 trains of 250 pulses delivered at 25 Hz for 10 s). If this 
hypothesis holds, the use of different stimulus parameters may induce a different pattern 
and magnitude of neural activation and can, therefore, target different parts of the brain, 
not just the dentate gyrus (Fujiki and Steward 1997). Ji and colleagues (1998) carried out a 
study using high-frequency rTMS in rats to map different activated brain regions by tracking 
the expression of immediate-early genes in rat brains. These genes are transcription factors, 
which control the expression of other genes directly (Fujiki and Steward 1997). Using in-situ 
hybridisation, a single application of 50 rTMS pulses delivered at 25 Hz for 2 s was found to 
induce the expression of c-fos mRNA in distinct brain regions (Ji et al. 1998). This was 
confirmed by immunocytochemical staining, which detected an increase in the level of c-
Fos and c-Jun proteins (Ji et al. 1998).  
From these two experiments, it can be hypothesised that the thresholds for activation of 
GFAP and c-fos genes are different, which means that the use of different protocols can 
stimulate transcription of different genes (Pridmore and Belmaker 1999). Confirming the 
specificity of gene regulation, rat models of stroke showed that changes in gene expression 
induced by rTMS were mainly dependent on frequency and pattern of stimulation and were 
associated with improved recovery from stroke (Ljubisavljevic et al. 2015). Only iTBS 
induced significant changes in gene expression, while there were no significant changes 
when stimulation was carried out at 1 Hz, 5 Hz and cTBS (Ljubisavljevic et al. 2015). Similarly, 
treatment with iTBS for two weeks resulted in a significantly superior improvement in 
neurological deficits as detected by behavioural testing scores compared to the other rTMS 
protocols, suggesting that iTBS is able to promote repair after cerebral ischemic-reperfusion 
injury (Ljubisavljevic et al. 2015). The difference in the effectiveness of the different rTMS 
protocols may be related to their specificity in cell-type on which they have their effects. 
None of the rTMS protocols caused downregulation of any genes and the 52 upregulated 
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genes due to iTBS were involved in angiogenesis, inflammation, injury response and cellular 
repair, structural remodelling, neuroprotection, neurotransmission and neuronal plasticity 
(Ljubisavljevic et al. 2015). Therefore, iTBS was shown to induce complex changes in gene 
expression in the brain, which are able to promote recovery (based on behavioural testing 
data) (Ljubisavljevic et al. 2015). Thus, there is evidence that using different rTMS paradigms 
has the potential to selectively stimulate gene expression in neural and supportive elements 
in regions of interest in different health conditions, such as in promoting recovery repair 
after stroke (Ljubisavljevic et al. 2015).  
1.4.2 Up-regulation of growth factor expression 
Ljubisavljevic et al. (2015) identified brain-derived neurotrophic factor (BDNF) to be one of 
the 52 up-regulated genes after iTBS in the rat model for stroke. BDNF is a member of the 
neurotrophin family of growth factors, and neurotrophins like BDNF promote synaptic 
plasticity (Waterhouse and Xu 2009), and are important for neuronal cell survival, 
development, differentiation, and regeneration (Huang and Reichardt 2001). Because BDNF 
is a secreted protein, it has the capacity to induce changes beyond the site of its expression 
and may explain the widespread changes observed in the brain in humans using imaging 
techniques such as PET and fMRI after treatment with rTMS (Section 1.3.3). Up-regulation 
of BDNF is believed to play a crucial part in the molecular mechanism underlying LTP in the 
hippocampus as it is released in an activity-dependant manner and has a significant role in 
promoting changes in synaptic efficacy (Lu 2003, Bramham 2008). The effects of BDNF on 
neural circuits and its trans-synaptic effects can explain the long-range impact of rTMS.  
Korte et al. (1995) and Patterson et al. (1996) independently worked on BDNF knock-out 
mice and reported an impairment of early LTP in BDNF homozygous or heterozygous 
mice. Because rTMS studies had thoroughly described how rTMS may cause synaptic 
plasticity via LTP-like mechanisms (Section 1.2.3), further studies explored whether rTMS 
also affected BDNF expression in the brain. Both BDNF mRNA and protein levels have been 
shown to significantly increase in rodent brains after rTMS or LI-rTMS stimulation, 
suggesting that rTMS/LI-rTMS can promote BDNF expression in the brain (Müller et al. 2000, 
Zhang 2007, Gersner et al. 2011, Rodger et al. 2012). Müller et al. (2000) reported that 
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several sessions of high-frequency rTMS (20 Hz) in awake rats resulted in a significant 
increase in BDNF mRNA in the brain within 20 hours after stimulation. More recently, 
Gersner et al. (2011) used western blot to detect the level of BDNF in rat brain 3 days after 
the last stimulation session using high-frequency rTMS (20 Hz). They had similar results as 
it was found that high-frequency rTMS in awake rats led to a long-term (3 days) increase in 
hippocampal BDNF levels. They hypothesised that the induced increase in BDNF levels could 
underlie the neuroprotective and neurorestorative effects of rTMS.  
1.4.3 Changes in receptor expression 
Regulation of NMDA and AMPA receptors have been proposed to underlie the LTP and LTD-
like mechanisms of rTMS (Section 1.2.3), leading to its therapeutic effects (Kole et al. 1999, 
Gersner et al. 2011). Kole et al. (1999) delivered a single high-intensity rTMS session to 
female Wistar rats at a stimulation frequency of 20 Hz for 3 seconds. The rats were sacrificed 
24 hours after stimulation and the brain tissue was used for receptor binding studies. It was 
found that there was a non-specific increase in NMDA binding sites in the hippocampal 
formation of both experimental and control subjects and a specific increase in the number 
of these receptors in the ventromedial hypothalamus, the basolateral amygdala and the 
parietal cortex of the rats that received active stimulation. This showed that the effect of 
rTMS is persistent (24 hours post stimulation) even after a single rTMS session and that the 
increase in the number of NMDA receptors could underlie the persistent effect of rTMS. 
Gersner et al. (2011) studied the effect of rTMS on the GluR1 subunit of AMPA receptors in 
male Sprague Dawley rats. Phosphorylation of AMPA receptors occurs mostly at the site of 
their GluR1 subunits, which increases the receptor’s permeability to calcium (Gersner et al. 
2011). The rats received high-intensity brain stimulation using both high (9 trains of 100 
pulses delivered at 20 Hz with an inter-train interval of 55 s) and low (1 Hz for 900 s) 
frequency rTMS daily for 10 days. The rats were sacrificed 3 days after stimulation. High, 
but not low, frequency rTMS caused a significant increase in GluR1 as well as the 
phosphorylated form of GluR1 in the hippocampus of the rats. These results show that high-
frequency stimulation can induce the expression of receptors involved in LTP and LTD 
mechanisms, which outlast the duration of the stimulation session.  
Resting state fMRI study of brain activation using rTMS in rats Bhedita J. Seewoo | 37 
 
1.5 PRESENT STUDY 
The purpose of the current study was to use rs-fMRI in rats to investigate whether the effect 
of LI-rTMS is localised and occurs directly at the site of stimulation or leads to changes in 
brain regions remote to the site of stimulation as well. We have also explored the effects of 
different frequencies of LI-rTMS stimulation using rs-fMRI. We have compared fMRI images 
of rat brains before and up to 30 minutes after exposure to a train of LI-rTMS. All frequencies 
(including controls) were tested in each rat, with at least a one-week interval between 
frequencies to allow for any LI-rTMS effects to subside. 
1.5.1 Hypotheses and Aims 
Hypothesis 1: LI-rTMS will alter the resting-state activity of neurons directly at the site of 
stimulation as well as in brain regions that have direct connections with the site of 
stimulation.  
AIM 1: To measure brain activation before and after LI-rTMS to one side of the brain. 
 
Hypothesis 2: The magnitude and pattern of the change in resting-state neuronal activity 
will depend on the frequency and pattern of LI-rTMS. 
AIM 2: To establish the pattern of resting-state activity in the brain based on LI-rTMS 
frequencies. Four frequencies were used (in addition to sham 0 Hz): 1 Hz, 10 Hz, cTBS, and 
BHFS. 
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CHAPTER TWO: MATERIALS AND METHODS 
2.1 ANIMALS 
Six adult male Sprague Dawley rats (150-250 g) were sourced from the Animal Resources 
Centre (Canning Vale, WA, Australia). They were maintained in a temperature-controlled 
animal care facility on a 12-hour light-dark cycle with food and water ad libitum at M-block, 
QEII Medical Centre. Experimental procedures were approved by the UWA Animal Ethics 
Committee (RA/3/100/1430) and Murdoch Animal Ethics Committee (IRMA2848/16). All 
investigators were trained in animal handling by the Programme in Animal Welfare, Ethics 
and Science (PAWES) and had a valid Permission to Use Animals (PUA) license.  
2.2 OVERVIEW OF THE EXPERIMENTAL DESIGN 
The rats were allowed one week of habituation period upon arrival at the Animal Care Unit 
before the start of the experiments. Rs-fMRI scans were performed immediately before and 
after the stimulation session. Each rat received LI-rTMS stimulation at one of five 
frequencies (0 Hz/sham, 1 Hz, 10 Hz, cTBS and BHFS, randomised order) in the morning each 
week for five weeks (Figure 10). The timing of experiments was dependent on the 
availability of imaging equipment but at least one week was allowed between sessions to 
allow for any effect of LI-rTMS to subside (Li et al. 2013). Animals were kept for up to 12 
weeks and were euthanised after the last rTMS stimulation session using carbon dioxide 
asphyxiation. 
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Figure 10. Timeline of an experiment for one rat and protocol for each session. A. Timeline 
for a single rat from the time of its arrival. The experiment consisted of an initial one-week period of 
habituation upon arrival of the animal, after which the rats had 5 sessions of fMRI-LI-rTMS-fMRI, each 
separated by at least a week, determined by equipment availability. Sessions 1 to 5 were the same, except for 
the frequency of LI-rTMS used. B. Protocol for a single LI-rTMS session. During each session, the animal was 
first anaesthetised using isoflurane gas and was kept under isoflurane anaesthesia throughout the experiment 
(Section 2.3). Baseline rs-fMRI image was acquired after which sham/stimulation at a specific frequency (0 Hz, 
1 Hz, 10 Hz, BHFS or cTBS) was delivered for 10 minutes to the right side of the brain by gently placing a circular 
stimulation coil on the animal’s scalp (Section 2.4). A post-procedure rs-fMRI scan was then carried out. Each 
of the six rats used in the experiment followed the same timeline, but the order in which the different 
stimulation frequencies were delivered in the weekly experiments was randomised. The sections refer to the 
part of the thesis in which that information is described. 
2.3 ISOFLURANE ANAESTHESIA PROCEDURE AND MONITORING 
The rats were pre-anaesthetised in an induction chamber using 4% isoflurane in 100% 
medical oxygen delivered at 2L/min. Full anaesthesia was determined based on the absence 
of a response to foot pinch. Once fully anaesthetised, the animal was transferred to a 
heated imaging cradle and an isoflurane nose cone placed over the snout of the rat (Figure 
11) that delivered 1-2.5% of isoflurane in 100% medical oxygen at approximately 1 L/min 
inhalation.  
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Figure 11. Animal position on the imaging cradle during LI-rTMS stimulation and fMRI 
scans. Photography was limited due to the inability to bring magnetic objects into the imaging room. 
 
After transfer to the cradle, some ophthalmic ointment was applied to both eyes to protect 
the corneas from drying out while the animal was under anaesthesia. The animal’s 
physiological conditions including body temperature, respiratory rate, heart rate, and 
arterial blood oxygen saturation were monitored using a PC-SAM Small Animal Monitor (SA 
instruments Inc., 1030 System). A rectal temperature probe with disposable lubricated 
sleeve was used to monitor the rat’s temperature. A pneumatic pillow placed under the 
rat’s abdomen was used to monitor respiration. Heart rate and blood oxygen saturation 
were measured using an MR compatible pulse oximeter positioned at the base of the tail 
(Figure 11).  
2.4 LOW-INTENSITY REPETITIVE TRANSCRANIAL MAGNETIC STIMULATION 
2.4.1 Coil Structure and Positioning 
To induce stimulation, we used low-intensity magnetic field stimulation delivered using a 
custom-built round coil (8 mm inside diameter, 16.2 mm outside diameter, 10 mm 
thickness, 0.25 mm copper wire, 6.1 Ω resistance, 462 turns) placed on the right side of the 
rat brain next to the right ear (Figure 12) (Grehl et al. 2015). The coil delivered a magnetic 
field of 13 mT, which is below the motor threshold.  
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Figure 12. Stimulation coil positioning in relation to rat’s head and brain. The coil was placed 
on the skull next to the ears, on the right side. Stimulation coil was connected to the pulse generator using a 
jack. Adapted from Rodger and Sherrard (2015). 
 
The coil and pulse generator (Model EXLAB606, Serial Number 00003) were designed and 
built by Global Energy Medicine (Perth, WA, Australia). The generator used was a version of 
an e-cell, which is a commercially available electromagnetic pulse generator for therapeutic 
treatment of musculoskeletal disorders. It is a simple resistor-inductor circuit under control 
of a programmable (C-based code) micro-controller card (CardLogix, USA). The device was 
modified such that custom designed coils could be attached (Grehl et al. 2015). 
2.4.2 Stimulation Protocols 
During each experiment, stimulation was delivered for 10 minutes at one of five 
frequencies: 0 Hz, 1 Hz, 10 Hz, cTBS (3 pulses at 50 Hz repeated at 5 Hz) or BHFS (62.6 ms 
trains of 20 pulses, repeated at 9.75 Hz). Each frequency had a specific pre-programmed 
card such that when inserted into the generator, the phase transitions were triggered 
automatically. The total number of pulses delivered for each stimulation paradigm is shown 
in Table 1. For all experiments, controls were treated identically except during stimulation 
when the coil was not activated (0 Hz). Sham stimulation controlled for any components of 
the experimental procedure (handling, anaesthesia, positioning, and sound) that might 
influence the fMRI signal. 
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Table 1. Total number of pulses delivered during 10 min LI-rTMS stimulation at the 
different frequencies used. Adapted from Grehl et al. (2015). 
Frequency Total number of pulses delivered 
0 Hz (sham) 0 
1 Hz 600 




2.5 MRI SCAN PROCEDURE 
2.5.1 Equipment 
The rats were scanned twice during the same session using the Bruker Biospec 94/30 small 
animal MRI system operating at 9.4 T (400 MHz, H-1), with an Avance III HD console, and 
BGA-12SHP imaging gradients. ParaVision 6.0.1 software was used to control the scanner 
and set the experimental tasks. An 86 mm (inner diameter) volume coil was used to transmit 
radio frequency pulses to generate an MRI signal, which was then detected using a rat brain 
surface coil placed on the rat’s head. Surface coils have excellent sensitivity to signals from 
nearby regions. 
2.5.2 Image acquisition parameters 
The acquisition parameters for fMRI were adapted from the studies by Tambalo et al. 
(2015). A scout image (localising scan) was acquired to position the rat brain in the magnet 
isocenter. Most structural and functional MRIs involve the reconstruction of three-
dimensional images from a series of two-dimensional slices. A spatial magnetic field 
gradient and a radio frequency pulse are used to elicit a signal from a particular slice. In 
practice, the slices are imperfect, and there may be some overlap of slice edges, which can 
result in saturation of the MR signal. To minimise this issue, the slices were excited in a non-
contiguous, interlaced fashion. The time at which images are collected is determined by the 
repetition time and the echo time. The repetition time is the time interval between 
successive excitation pulses while the echo time is the time interval between an excitation 
pulse and data acquisition. The RARE (Rapid Acquisition with Relaxation Enhancement) 
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sequence has evenly-spaced (echo spacing) multiple refocusing pulses to compensate for 
the gradual loss of phase coherence after initial excitation forming an echo train (multiple 
echoes). The echoes in each echo train are used to acquire multiple lines of data from each 
signal excitation and reduce the overall time required to collect the image. T2-weighted, 
coronal images were acquired using this RARE sequence with an echo spacing of 11 ms, 
RARE factor (number of echoes in an echo train) of 8 and other parameters as in Table 2 
below. In T2-weighted images, compartments filled with water like the cerebrospinal fluid 
appear bright while tissues with a high lipid content like the white matter appear dark. Radio 
frequency pulse shapes were calculated automatically using the Shinnar-Le Roux radio 
frequency pulse design algorithm (Shinnar et al. 1989a, b, Shinnar et al. 1989c, Shinnar and 
Leigh 1989, Pauly et al. 1991). Before running the fMRI imaging sequence, the homogeneity 
of the local magnetic field was optimised in the region of interest using Bruker’s map shim 
routine. After shimming, T2* fMRI images were acquired using a single-shot gradient-echo 
echo planar imaging (EPI) sequence with the parameters in Table 2 below.  Gradient-echo 
EPI allows for the acquisition of a series of two-dimensional images by changing spatial 
gradients rapidly following a single radio frequency pulse from a transmitter coil. 
Table 2. MRI parameters used in the RARE anatomical scan and the functional T2* scan 
using single-shot gradient-echo echo planar imaging (EPI). 
Parameters RARE T2* EPI 
TR (repetition time) 2500 ms 1500 ms 
TE (echo time) 33 ms 11 ms 
Scan Time 2 min 55 s 7 min 30 s 
FOV (field of view) 28.0 x 28.0 mm2 28.2 x 21.0 mm2 
Matrix size 280 x 280 94 x 70 
Resolution 0.1 mm x 0.1 mm 0.3 mm x 0.3 mm 
Receiver Bandwidth 34722.2 Hz 326087.0 Hz 
No of slices (coronal) 21 21 
Slice Thickness 1 mm 1 mm 
Slice gap 0.05 mm 0.05 mm 
Read orientation Left to right Left to right 
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Slice ordering Non-contiguous, interlaced Non-contiguous, interlaced 
Partial Fourier Acquisition N/A 0.829 (58/70) 
Shots N/A 1 
Dummy scans 2 8 
Repetitions 1 300 
NA (No of averages) 2 1 
Flip angle (α) 900 900 
Flip back pulse   
Fat suppression   
2.6 DATA ANALYSIS 
Most of the analyses were carried out in the FSL v5.0 software package (Functional MRI of 
the Brain (FMRIB) Software Library) (Jenkinson et al. 2012). Given that most data analysis 
tools for fMRI, including FSL, are specifically adapted for handling human fMRI data, many 
procedures were manually performed and additional steps were necessary for analysis of 
rat brain as compared to human brains. 
2.6.1 fMRI data processing 
The MRI scanner outputs the neuroimaging data in DICOM (Digital Imaging and 
Communications in Medicine) format, the international standard for medical images and 
related information format (Bidgood Jr et al. 1997) (http://dicom.nema.org/). In order to be 
viewed and analysed in FSL, the DICOM format data was first converted into NIFTI 
(Neuroimaging Informatics Technology Initiative, https://nifti.nimh.nih.gov/) file format 
using the dcm2nii converter command line tool (Appendix 1A) (Rorden et al. 2007). Pre-
processing of fMRI acquisitions included (i) upscaling the voxel sizes by a factor of 10 to be 
closer to the size of a human brain (Tambalo et al. 2015), (ii) carrying out motion correction 
using the FSL/MCFLIRT (FMRIB Linear Image Registration Tool with Motion Correction) 
command (Jenkinson et al. 2002) to spatially realign the 6,300 functional images (21 slices 
with 300 repetitions) to the middle volume of a serial acquisition to compensate for any 
breathing-related movements during acquisition and (iii) reorienting the brain in LAS axes 
(radiological view), which is the standard orientation in FSL (Appendix 1B).  
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To prevent extra brain matter from interfering with the results, it is recommended to 
remove all non-brain structures (skull, muscles and surrounding tissue) from the data before 
any co-registration can be performed in FSL. However, because this software was designed 
primarily for human fMRI data, the FSL/BET tool (FMRIB Brain Extraction Tool) is not suitable 
for rodent data. Instead, intracranial binary brain masks were created manually using ITK-
SNAP 3.4.0 (Yushkevich et al. 2006) (www.itksnap.org) for each functional and anatomical 
data sets and were used to extract the brain using the flsmaths tool in the command line 
(Appendix 1C). Post-stimulation images were co-registered to the baseline fMRI image 
(Appendix 1D) using 6 parameter (three rotations and three translations in the x, y and z 
planes) Rigid Body registration with the default correlation ratio cost metric in the FSL Linear 
Image Registration Tool (FLIRT) (Jenkinson and Smith 2001, Jenkinson et al. 2002). Given 
that the two data sets were acquired on the same day for the same animal, the size of the 
brain in the images would be the same, which means there was no need to estimate x, y 
and z scaling parameters during co-registration. 
A single-session independent component analysis (ICA) was carried out for each brain-
extracted image in FSL/MELODIC (Multivariate Exploratory Linear Decomposition into 
Independent Components) (Beckmann et al. 2005) to remove high- and low-frequency 
noise from the data (Appendix 1E) (Salimi-Khorshidi et al. 2014). This process included in-
plane spatial smoothing using a Gaussian kernel filter set to the default full-width half 
maximum (FWHM) of 5 mm to increase the signal-to-noise ratio by reducing small variances 
and thermal noise. Pre- and post- 10 Hz stimulation data for the 6 animals were also 
smoothed with FWHM set to 8 and 12 mm to investigate the effect of smoothing. The 
default temporal high pass filter cut-off at 100 s was also applied to all data sets to reduce 
hardware noise and low-frequency signal drifts.  
ICA separates signals into independent components. Based on the characteristics (spatial, 
temporal and frequency domains) of these components, they were then manually labelled 
as ‘signal’ or ‘noise’ (Appendix 1F). On the threshold spatial maps, noise components are 
located outside or at the edge of the brain (motion artefact) and display spatial overlap with 
ventricles, brain blood vessels or brain stem (physiological noise) (Figure 16). Noise 
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components are predominantly high-frequency in the temporal power spectra and show 
sudden spikes in the time series (Supplementary Figure 1). Signal components, on the other 
hand, are principally characterised by low-frequency power spectra and form ‘blob-like’ 
activation patterns on spatial maps primarily covering the grey matter. Once all of the 
components were classified, the data was ‘cleaned’ by removing the noise components 
from the data using the fsl_regfilt command on the filtered data obtained from MELODIC 
(Appendix 1F).  
The pre- and post-stimulation de-noised fMRI images for each session were then co-
registered to their respective high-resolution structural T2-weighted images using 6 
parameter Rigid Body registration (for the same reasons described above), which resulted 
in realignment to the anatomical template (Lu et al. 2010). To normalise these realigned 
images and facilitate automated processing, a Sprague Dawley brain atlas (Papp et al. 2014, 
Kjonigsen et al. 2015, Sergejeva et al. 2015) was used as a standard template. The atlas was 
first down-sampled by a factor of 8 (3.125 mm x 3.125 mm x 3.125 mm) to better match the 
voxel size of the 4D functional data. Given that the size of the atlas brain was different from 
the brain size of the rats used in this experiment, 9 degrees of freedom (6 parameters as 
before, plus independent scaling in x, y and z directions) “traditional” registration was used 
in FLIRT for co-registration of the images to the atlas (Appendix 1G). All subsequent analyses 
were conducted in the atlas standard space. 
2.6.2 fMRI statistical analyses 
Multi-session/multi-subject temporal concatenation group ICA was performed to 
determine between group differences by comparing pre- and post-stimulation fMRI images 
and within group differences by performing the group ICA on all pre-stimulation data and 
each post-stimulation data (sham, 1 Hz, 10 Hz, BHFS, cTBS) separately. Pre-processed 
functional data for each animal were temporally concatenated across subjects to create a 
single 4D dataset containing all data from for that particular group (e.g. all post- 10 Hz 
stimulation datasets). The ICA algorithm was restricted to 15 components on the basis of 
other rs-fMRI studies in rodents (Jonckers et al. 2011, Zerbi et al. 2015) and was performed 
with the MELODIC toolbox (Appendix 2A). Given the limited sample size and the novelty of 
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the parameters of interest, we report the results based on a cluster-forming threshold of z 
> 2, corresponding to an uncorrected p-value < 0.0455 for a two-tailed hypothesis as both 
increases and decreases in activity were tested for. MELODIC outputs were IC maps 
obtained from an alternative hypothesis test at p > 0.5, thresholded by fitting a mixture 
model to the histogram of intensity values (Beckmann and Smith 2004). 
Dual regression (Beckmann et al. 2009, Filippini et al. 2009) was then performed on the 
resultant ICA components (Appendix 2B) to investigate group differences in resting-state 
networks. Dual regression maps group-ICA results back into individual subjects’ data for 
examination of between-group difference in ICA networks. These subject-specific spatial 
maps were used to investigate intra- and inter-subject variability qualitatively (Section 3.2.2, 
see Appendix 2E for commands run in the terminal). The design matrices and contrasts for 
the dual regressions were set up in the FSL/GLM (General Linear Model) tool 
(Supplementary Figure 2). Contrasts use the design matrices to specify the type of statistical 
test (e.g. group mean, paired difference) the dual regression algorithm will carry out. Single 
group paired differences were tested between pre- and post- stimulation rs-fMRI data by 
conducting paired t-tests, and group averages for post-stimulation and pre-stimulation 
groups were tested by conducting a one-sample t-test. The dual regression results are (1-p) 
value maps and t-stat maps for each ICA component. 
The group-ICA components for the pre-stimulation group (z > 2) were visually inspected, 
and the DMN identified based on the spatial patterns in reference to known anatomical and 
functional locations using a rat brain atlas (Paxinos and Watson 1998). After identifying the 
DMN using group-level ICA on the rs-fMRI data, pre- and post-rTMS homologous ICA 
components (z > 2) were visually compared to determine the effect of rTMS on the DMN. 
The brain regions in the DMN showing a difference in correlation were identified using the 
brain atlas (Supplementary Figure 4). ICA is a less biased approach relative to statistical 
analyses such as seed-based connectivity analysis (Cole et al. 2010). Seed-based correlation 
analysis finds the temporal correlation of all voxels within the brain based on a specified 
seed voxel or small region of interest chosen beforehand (Joel et al. 2011). Seed-points can 
differ in their location, which considerably affects the connectivity patterns and renders 
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between study comparisons unreliable (Jansen et al. 2015). In contrast, the use of data-
driven ICA may improve reproducibility because there is no (arbitrary) seed selection 
(Rosazza et al. 2012). This approach enabled identification of brain regions that exhibit a 
considerable difference in correlation between the pre- and post- rTMS groups without a 
priori knowledge. 
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CHAPTER THREE: RESULTS 
3.1 PHYSIOLOGICAL RECORDING 
Rat body temperature was maintained at 37-38°C while under anaesthesia on a 
temperature-controlled bed. The temperature of the bed was adjusted to keep the rat body 
temperature within the specified range. The breathing rate, detected by the pneumatic 
pillow, was maintained at 40-60 breaths/minute and the pulse at 250-500 beats/minute by 
adjusting the concentration of isoflurane in medical oxygen. Oxygen saturation of the blood, 
as detected by the pulse oximeter stayed in the range 95-100%. Physiological parameters 
were stable (within the specified range) for all rats during the entire scan, and stimulation 
period (Figure 13). No physical response was observed when the coil was turned on or off 
during stimulation, and there were no abrupt changes in the physiological recordings for 
any of the animals. 
 
Figure 13. Representative physiological recordings for two animals demonstrating that 
body temperature (degrees Fahrenheit, A), respiratory rate (breaths per minute, B), 
oxygen saturation (%, C) and pulse (beats per minute, D) were stable. The upper and lower 
limits of the y-axes have been set to the range within which each physiological recording should lie. Body 
temperature (A) was maintained between 980F (~370C) - 1010F (~380C), respiratory rate (B) between 40-60 
breaths/min, oxygen saturation (C) between 95-100% and pulse between 250-500 bpm. 
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3.2 GROUP-ICA COMPONENTS 
3.2.1 Default mode network in the pre-stimulation group 
As noted, rs-fMRI was used to identify the DMN in rats in this study. The DMN is one of 
many resting-state networks in the brain which is comprised of interacting brain regions 
having a highly synchronised activity distinct from other networks in the brain. The group-
ICA algorithm was run on the pre-stimulation group, and the resting-state networks were 
identified (see Figure 14 for a 3D-rendered image produced using the MRIcroGL software 
(Rorden and Brett 2000)). The components obtained from MELODIC were overlaid on the 
rat brain template to which they were originally co-registered (Section 2.6.1) and the 
distribution of the synchronised voxels was investigated using the digital brain atlas labels. 
Based on visual inspection of the spatial map for each of the 15 components and the 
consistency of the spatial distribution with known neuroanatomical regions from the brain 
atlas, six meaningful non-artefactual circuits could be identified, which formed part of the 
putative DMN (Figure 15). The remaining nine components were classified as noise. They 
comprised components with low z-scores and the clusters, if any, were outside the brain, 
near the brain surface or in the brain stem (examples are shown in Figure 16).  
The DMN in rats has previously been described as consisting of the orbital cortex (Lu et al. 
2012, Zerbi et al. 2015, Sierakowiak et al. 2015, Huang et al. 2016, Hsu et al. 2016), cingulate 
cortex (Jonckers et al. 2011, Lu et al. 2012, Zerbi et al. 2015, Sierakowiak et al. 2015, Huang 
et al. 2016, Hsu et al. 2016), auditory cortex (Lu et al. 2012, Huang et al. 2016, Hsu et al. 
2016), somatosensory cortex (Huang et al. 2016), striatum/caudate putamen (Huang et al. 
2016), retrosplenial cortex (Lu et al. 2012, Zerbi et al. 2015, Sierakowiak et al. 2015, Huang 
et al. 2016), temporal association cortex (Lu et al. 2012, Zerbi et al. 2015, Hsu et al. 2016), 
prelimbic cortex (Zerbi et al. 2015, Sierakowiak et al. 2015, Hsu et al. 2016), parasubiculum 
(Zerbi et al. 2015), entorhinal cortex (Zerbi et al. 2015), hippocampus (Lu et al. 2012, Huang 
et al. 2016, Hsu et al. 2016) and visual cortex (Lu et al. 2012, Hsu et al. 2016). Figure 15 
provides the ICA components with clusters corresponding to these regions. The motor 
cortex and inferior colliculus, which form part of the resting-state network (Jonckers et al. 
2011) have also been identified. Most of the chosen ICA components (Figure 15) had 
spatially asymmetrical correlations between homologous brain regions. In some 
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components, the homologous brain region was completely absent (no correlation at that 
particular time point) while in some components, the spatial extent of the clusters was 
larger in one hemisphere. The ‘dominant’ hemisphere with increased ipsilateral cluster size 
was the same between sessions and across all animals (Figure 17).  
 
Figure 14. Independent component maps of pre-stimulation rs-fMRI group overlaid on 3D-
rendered standard Sprague Dawley brain atlas. The figure shows the superior view (top left), 
anterior view (top right) and lateral view (bottom) of independent components from the group-ICA. The 
spatial colour-coded z-maps of these components are overlaid on the brain atlas (down-sampled by a factor 
of 8). A higher z-score (bright red) represents a higher correlation between the time course of that voxel and 
the mean time course of this component. Colour bar indicates z-scores (n = 24, thresholded at z > 2, 
uncorrected p-value < 0.0455 for a two-tailed hypothesis).  
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Figure 15. Thresholded independent component maps showing the default mode network 
in the pre-stimulation rs-fMRI group-ICA dataset. The figure shows six independent components 
from the group-ICA, three coronal slices and three coronal slices with their corresponding axial slices. The 
spatial colour-coded z-maps of these components are overlaid on the brain atlas (down-sampled by a factor 
of 8). A higher z-score (yellow) represents a higher correlation between the time course of that voxel and the 
mean time course of this component. Significant clusters within the components include various brain regions: 
1, orbital cortex; 2, cingulate cortex; 3, auditory cortex; 4, somatosensory cortex; 5, striatum/caudate 
putamen; 6, retrosplenial cortex; 7, temporal association cortex; 8, prelimbic cortex; 9, parasubiculum; 10, 
entorhinal cortex; 11, hippocampus; 12, visual cortex; 13, inferior colliculus; 14, motor cortex. R denotes right 
hemisphere. x, y, z refer to the coordinates in standard Sprague Dawley template space. Colour bar indicates 
z-scores (n = 24, thresholded at z > 2, uncorrected p-value < 0.0455 for a two-tailed hypothesis).  
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Figure 16. Two independent components — one axial slice (A) and one coronal slice (B) — 
from group-ICA classified as ‘noise’ components. A shows highly synchronised resting activity in the 
brainstem while B shows highly synchronised activity only at the dorsal part of the coronal slice. Colour bar 
indicates z-scores (thresholded at z > 2, uncorrected p-value < 0.0455 for a two-tailed hypothesis). 
3.2.2 Reproducibility over time and between subjects in the pre-stimulation group 
Because we scanned each animal at four different timepoints, the reproducibility of the 
group-ICA results over time and between subjects could be investigated. All the pre-
stimulation datasets were thresholded to a z-score higher than 2, binarised (i.e., z-score < 2 
set to 0, and z-score > 2 set to 1) and then summed (Appendix 2E) to give cumulative 
reproducibility maps for each subject (Figure 17). The regions where the voxels have a z-
score of 2 or higher for one, two, three or four sessions are shown in different colours. The 
reproducibility maps illustrate that the middle part of the clusters show overlap for all or at 
least three time points while the border of the clusters represents data from only one or 
two time points. Most of the scatter, and single-voxel correlations come from single sessions 
(shown in grey). This shows that the central resting-state activity is reproducible, even when 
the rs-fMRI data is acquired after a week or more. The same pattern is seen in each of the 
six animals, showing that the data is reproducible between subjects as well. 
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Figure 17. Reproducibility between sessions and between subjects of a representative 
pre-stimulation group-ICA component. The reproducibility maps are session cumulative score maps 
over the different time points overlaid on the Sprague Dawley rat brain atlas (down-sampled by a factor of 8). 
x, y, z refer to the coordinates in standard Sprague Dawley template space.  Colour code: voxels with z-value 
greater than 2 (uncorrected p-value < 0.0455 for a two-tailed hypothesis) for: 1 session, grey; 2 sessions, dark 
brown; 3 sessions, orange; 4 sessions, yellow.  
3.2.3 Pre- vs. post-stimulation resting-state activity 
3.2.3.1 Dual regression results 
Dual regression performs a between-group analysis using subject-specific spatial maps and 
a set of defined contrasts (Supplementary Figure 2). The outputs are (1 – p-value) maps such 
that greater intensity values signify smaller p-values. These p-values are corrected for 
multiple comparisons across voxels for each resting state network (each ICA map) for a one-
tailed t-test for the contrast specified (pre > post and post > pre, Appendix 2B). Given that 
six out of 15 group-ICA components consisted of the DMN, Bonferroni (Bonferroni 1935) 
corrected p-values were < 0.05 / (6*2) = 0.0042 (z-score of 2.86). The p-value images 
showed no statistically significant differences between pre- and post- stimulation in the 
resting-state networks. In practice, group-ICA results are typically not Bonferroni corrected 
(e.g., Figure 7 in Calhoun et al. 2009, Supplementary Figure 1 in Jansen et al. 2015). 
3.2.3.2 Comparison of DMN in ICA components 
Group-ICA components for each of the post-stimulation datasets were compared to the 
DMN components identified in the pre-stimulation group to investigate the effect of rTMS. 
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Homologous components were found, showing high correlation in the same brain regions 
(Supplementary Table 3). There were no unilateral changes in any of the DMN components 
after sham stimulation (Figure 18).  
 
Figure 18. Homologous ICA components showing that there is no change in the default 
mode network in isoflurane-anaesthetized rats before and after sham stimulation. The post 
sham stimulation colour-coded z-maps were derived from dual regressed group-ICA on 6 animals and were 
overlaid on the Sprague Dawley brain template (down-sampled by a factor of 8). Coronal and axial slices for 
two representative ICA components are shown before (left) and after (right) sham stimulation. A higher z-
score (yellow) represents a higher correlation between the time course of that voxel and the mean time course 
of this component. R denotes right hemisphere. x, y, z refer to the coordinates in standard Sprague Dawley 
template space. Colour bar indicates z-scores (thresholded at z > 2, uncorrected p-value < 0.0455 for a two-
tailed hypothesis). 
There were clear changes in the synchronised activity following active rTMS stimulation 
(Figure 19 and Table 3). Both excitatory frequencies (10 Hz and BHFS) showed more 
noticeable ipsilateral changes in the strength of correlation within the DMN (Figure 19). The 
inhibitory frequency, 1 Hz, showed bilateral changes in most components, although there 
were more contralateral changes in the synchronised activity of brain regions (Table 3). cTBS 
caused more ipsilateral increases in synchrony, and its effects were not as widespread as 
the other rTMS protocols (See Supplementary Figure 3). Only large changes in synchrony of 
resting activity have been noted, whereby a whole brain region, as identified in the atlas 
(Appendix 3), showed a change. 




Figure 19. Homologous group-ICA components showing changes in the default mode 
network of isoflurane-anaesthetized rats before and after rTMS stimulation at four 
frequencies: 10 Hz, BHFS, 1 Hz and cTBS. The post-stimulation colour-coded z-maps were derived 
from group-ICA on six animals and were overlaid on the Sprague Dawley brain template (down-sampled by a 
factor of 8). Coronal and axial slices for two representative ICA components are shown before (left) and after 
(right) stimulation at each of the four rTMS protocols. A higher z-score (yellow) represents a higher correlation 
between the time course of that voxel and the mean time course of this component. Significant clusters within 
the components include various brain regions: 1, orbital cortex; 2, cingulate cortex; 3, auditory cortex; 4, 
somatosensory cortex; 5, striatum/caudate putamen; 6, retrosplenial cortex; 7, temporal association cortex; 
8, prelimbic cortex; 9, parasubiculum; 10, entorhinal cortex; 11, hippocampus; 12, visual cortex; 13, inferior 
colliculus; 14, motor cortex. R denotes right hemisphere. x, y, z refer to the coordinates in standard Sprague 
Dawley template space. Colour bar indicates z-scores (thresholded at z > 2, uncorrected p-value < 0.0455 for 
a two-tailed hypothesis). 
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Table 3. Summary of changes in the default mode network in brain regions post-rTMS 
using 10 Hz and BHFS excitatory frequencies and 1 Hz and cTBS inhibitory frequencies on 
the right (R) side (ipsilateral changes) and on the left (L) side (contralateral changes) of 
the brain. The numbers in brackets correspond to the numbers used to denote the different brain regions 







10 Hz BHFS 1 Hz cTBS 
R L R L R L R L 
Orbital cortex (1) Decision making and emotional processing ↑ ↑ - - ↑ ↑ ↑ - 
Auditory cortex 
(3) 
Hearing functions ↓ - ↓ ↓ - ↓ - ↓ 
Somatosensory 
cortex* (4) 
Receives all sensory input ↓ - ↓ ↓ ↓ ↓ ↑ - 
Striatum (5) Facilitates voluntary movement ↓ - ↓ - ↓ - ↑ ↑ 
Retrosplenial 
cortex (6) 
Episodic memory and spatial navigation ↓ - - - ↓ ↓ - - 
Entorhinal 
cortex (10) 
Learning and memory ↓ - ↓ - - - - - 
Hippocampus* 
(11) 
Regulates emotions, spatial learning and 
memory 
↓ - ↓ ↓ ↓ ↓ - - 
Visual cortex 
(12) 
Receives and processes visual input - - - ↓ - ↓ - - 
Inferior 
colliculus (13) 
Part of the auditory system ↓ - ↓ - - - - - 
Motor cortex* 
(14) 
Motor function and motor planning ↓↑ ↑ - ↓ ↑ ↓ ↑ - 
*These brain regions are the primary targets of stimulation. 
10 Hz stimulation caused bilateral changes in the synchrony of resting activity in the orbital 
cortex and motor cortex and an ipsilateral decrease in the auditory cortex, somatosensory 
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cortex, striatum, retrosplenial cortex, entorhinal cortex, hippocampus and inferior 
colliculus.  
BHFS caused a bilateral decrease in the synchrony of resting activity of the auditory cortex, 
somatosensory cortex and hippocampus, an ipsilateral decrease in the synchrony of the 
striatum, entorhinal cortex and inferior colliculus and a contralateral decrease in the visual 
and motor cortex. 
1 Hz stimulation caused bilateral changes in the synchrony of resting activity of the orbital 
cortex, somatosensory cortex, retrosplenial cortex, hippocampus and motor cortex, a 
contralateral decrease in the auditory cortex and visual cortex and an ipsilateral decrease 
in the striatum. 
cTBS caused a bilateral increase in the synchrony of resting activity of the striatum, an 
ipsilateral increase in the orbital cortex, somatosensory cortex and motor cortex and a 
contralateral decrease in the auditory cortex. 
3.2.4 Effect of smoothing 
To better clarify the influence of smoothing, we performed the single-subject MELODIC ICA 
decomposition at three smoothing levels (5 mm, 8 mm and 12 mm) on the pre- and post- 
10 Hz stimulation datasets. This step was necessary as this was the first time rs-fMRI has 
been used to study the effects of rTMS in rodents. Hence, we explored the impact of 
smoothing on our model to determine its effect on statistical significance and whether 
smoothing would compromise our ability to distinguish differences in correlation in 
different brain regions.  
An increase in smoothing resulted in an increase in the total number of components 
obtained from the single-session ICA but a decrease in the percentage of useful (not noise) 
components (Table 4). When group-ICA was run on the pre- 10 Hz stimulation rs-fMRI 
datasets for the six animals, the number of voxels with a high z-score (yellow in colour) 
increased with increased smoothing (Figure 20A). Dual regression with post- minus pre- 
stimulation contrast did not show any significant results when thresholded to p < 0.05, 
meaning that the differences in resting-state activity between the pre- and post-stimulation 
groups were not statistically significant. However, there appeared to be a decrease in the 
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‘spotty’ pattern of activation in the t-stat activation map (Figure 20B) with increased 
smoothing. The 12 mm FWHM filter resulted in less ‘speckles’, but the clusters of activation 
for t > 2 were still small enough to be able to find the corresponding brain regions. 
Therefore, 12 mm smoothing, which has been used in previous rs-fMRI studies in rats 
(Hutchison et al. 2010), appeared to work best for our study. 
Table 4. Smoothing increased the total number of components and decreased the 
percentage of useful ICA components obtained from single-session MELODIC on the pre- 
and post- 10 Hz rs-fMRI datasets for the six rats. Spatial smoothing was carried out using a Gaussian 
kernel filter set to the default full-width half maximum (FWHM) of 5 mm, 8 mm and 12 mm. 
Smoothing Mean total number of 
components 
Mean percentage of useful 
components  
5 mm 16 20% 
8 mm 38 19% 
12 mm 133 15% 
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Figure 20. Effect of smoothing on individual ICA components for the pre-stimulation group 
(A) and the t-stat activation maps of post- minus pre- 10 Hz stimulation of a representative 
animal (B). Spatial smoothing was carried out using a Gaussian kernel filter set to the default full-width half 
maximum (FWHM) of 5 mm, 8 mm and 12 mm for the pre- and post- 10 Hz stimulation data for the six animals. 
The spatial colour-coded z-maps (A) and t-maps (B) are overlaid on the brain atlas (down-sampled by a factor 
of 8). A higher z-score (yellow) represents a higher correlation between the time course of that voxel and the 
mean time course of this component. Colour bar indicates z-scores for A (n = 24, thresholded at z > 2, 
uncorrected p-value < 0.0455 for a two-tailed hypothesis) and t-scores for B (n = 6, thresholded at t > 2). 
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CHAPTER FOUR: DISCUSSION 
In recent years, resting-state networks have been found to be compromised in several 
neurological and psychiatric conditions (van den Heuvel and Hulshoff Pol 2010) and rTMS 
has been shown to modulate the activity of these networks in humans (Fox et al. 2012). In 
this study, we explored how different LI-rTMS protocols alter the DMN in rats as measured 
during rest and under anaesthesia using an offline combination of LI-rTMS and rs-fMRI. We 
compared spontaneous activity in the brain during rest before and after the rats received 
active or sham LI-rTMS over the right brain hemisphere. The DMN in the rat brain was 
inferred based on synchronous fluctuations of the haemodynamic signals identified by ICA 
of pre-stimulation rs-fMRI data. ICA of post-stimulation rs-fMRI data showed that 10 Hz 
stimulation, BHFS and cTBS caused mostly ipsilateral changes in synchrony of activity in the 
DMN while 1 Hz stimulation resulted in bilateral changes in synchrony, with the 
contralateral changes being more prominent than ipsilateral changes. These findings 
suggest that, in rTMS treatment, the frequency used should be carefully chosen depending 
on the desired change in the brain regions within the DMN and the hemisphere being 
stimulated. One clear limitation of this study is a small sample size, which could be the 
reason why the difference in resting state activity pre- and post-stimulation did not reach 
statistical significance in the dual regression analysis. We also assessed the impact of choice 
of statistical approach, data smoothing and anaesthetics in the interpretation of the results. 
4.1 THE DEFAULT MODE NETWORK BEFORE STIMULATION 
Using ICA, a data-driven fMRI analysis approach, the DMN in the anaesthetised rat brains 
was identified in the pre-stimulation group. The 3D-rendered images of the ICA components 
showed bilateral symmetry in resting-state activity (Figure 14). However, the ICA maps 
showed a variable degree of synchrony with other structures and consequently, did not 
display bilateral hemispheric synchrony in resting activity (Figure 15). Coherent neuronal 
oscillations or spontaneous rhythmic activity are believed to show which brain regions are 
coupled for joint processing for a specific function, and the resulting hemodynamic 
responses are interpreted as functional connectivity between these areas (Nikouline et al. 
2001). MacDonald et al. (1996) measured the oscillations of the auditory and 
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somatosensory cortex in anaesthetized rats and found that the oscillations in the 
somatosensory cortex were stronger in one hemisphere. Other similar behavioural and 
electrophysiological studies have shown that homologous brain regions can function both 
unilaterally and bilaterally (Banich and Belger 1990, Nikouline et al. 2001). This functional 
ability is a possible explanation for the apparently stronger synchrony in resting-state 
activity unilaterally in some brain regions within some ICA components (Figure 15). For 
example, the first ICA component in Figure 15 shows that there is a strong synchrony in the 
resting activity of the right auditory cortex (3) and right striatum/caudate putamen (5), but 
there are no clusters for homologous brain regions in the left hemisphere. Asymmetry in 
functional networks has previously been reported in resting-state network studies using ICA 
(Fransson et al. 2009, Hutchison et al. 2010, Zerbi et al. 2015). The unilateral components 
could represent stronger local connectivity, which could be both independent of, and 
synchronised with, the inter-hemispheric connectivity within the DMN.  
Interestingly, some brain regions, including the auditory cortex (3) and striatum (5), show 
unilateral synchrony in some components and bilateral synchrony in others. A previous 
study using ICA to identify resting-state networks in rats also reported that functionally 
connected regions can split into separate components (Hutchison et al. 2010). Similar 
observations were made when the group-ICA algorithm was limited to a different number 
of components (See Supplementary Table 2). Having more components causes resting-state 
activity of brain regions, which are part of the same network, to split into different 
components based on higher local synchrony in activity (Jonckers et al. 2011, Zerbi et al. 
2015). Overall, these results confirm that the group-ICA algorithm can cause homologous 
brain regions within the DMN to appear in separate components and the extent of this is 
dependent on the strength of bilateral synchrony and the total number of components. The 
stronger the bilateral synchrony, the less likely they are to split into separate components 
and the greater the number of components, the more likely it is for homologous brain 
regions to split into separate components. 
4.2 PRE- VS. POST-STIMULATION RESTING-STATE ACTIVITY 
After identifying the DMN using group-level ICA on the rs-fMRI data, pre- and post-LI-rTMS 
homologous ICA components were compared to determine the effect of LI-rTMS on the 
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DMN. For the purpose of this experiment, we will focus our discussion on the effect of LI-
rTMS on the somatosensory cortex, motor cortex and hippocampus. 
4.2.1 Sham stimulation does not affect the DMN 
Because of methodological differences between human and rodent MRI protocols, a key 
control experiment performed here was to deliver sham stimulation to the rats. In human 
studies with interleaved rTMS/fMRI protocols, the subjects do not have to come out of the 
MRI instrument to obtain the brain stimulation. However, in our study, after the baseline 
fMRI images were acquired, the imaging cradle was removed from the MRI machine for the 
animal to receive the stimulation. Sudden changes in the animal’s surroundings, for 
example, a change in temperature due to the temperature difference inside and outside the 
scanner could potentially induce a change in the animal’s physiology and neural activity. 
Physical handling of the imaging cradle and animal during the removal of the surface coil 
from the bed and positioning of the LI-rTMS coil on the rat’s scalp could also cause some 
stress to the animal, even when under anaesthetic, and hence induce a change in brain 
activity. Therefore, sham stimulation was performed on each animal (0 Hz) with the coil 
switched off as a control to ensure that the changes observed in neural activity was not due 
to a change in the animal’s environment. When the pre-stimulation group-ICA components 
were compared to the post-sham stimulation group, no unilateral changes in the DMN were 
found (Figure 18), thus giving us confidence that our approach to study the effect of LI-rTMS 
using rs-fMRI would provide data that was relevant to the brain changes induced by LI-rTMS.  
4.2.2 Active LI-rTMS disrupts the DMN in rat brain 
A change in the synchrony of resting-state activity in a specific brain region can be related 
to either increase or decrease in activity of that area compared to other brain regions within 
the same network. A decrease in synchrony, for example, does not necessarily mean a 
decrease in activity and thus, we have related the observed changes in synchrony to what 
is known about excitability changes reported in the literature of rTMS. However, given that 
human studies use rTMS intensities that are much stronger than those used here in LI-rTMS, 
the comparisons that are drawn are based on the assumption that LI-rTMS has frequency-
specific effects that are similar to those of rTMS delivered at higher intensities. 
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4.2.2.1 Somatosensory and Motor cortex 
High-frequency rTMS (≥ 5 Hz) is known to cause an increase in excitability while 1 Hz and 
cTBS are known inhibitory frequencies, and therefore cause a decrease in excitability in 
human brains (for review, see Klomjai et al. 2015). An fMRI study by Schneider et al. (2010) 
showed that there was an increase in activity of the targeted brain region when 5 Hz rTMS 
(considered to be excitatory and have roughly equivalent effects to 10 Hz, see Wilson and 
St George 2016) was applied over the left primary somatosensory cortex. In the current 
study, 10 Hz stimulation was used, and an ipsilateral decrease in the synchrony of the resting 
activity of the somatosensory cortex was observed. Given that high-frequency rTMS 
stimulation is known to be excitatory, it is anticipated that this change could be related to 
an increase in activity in the ipsilateral somatosensory cortex induced by 10 Hz LI-rTMS.  
In contrast, when comparing the spatial maps post-cTBS with the pre-stimulation group, an 
increase in the synchronised activity in the ipsilateral compared to the contralateral 
somatosensory cortex (Figure 19) could clearly be seen. This result is in agreement with a 
study by Rai et al. (2012) evaluating the effect of cTBS over the left somatosensory cortex 
by measuring the change in tactile acuity of the contralateral hand. They noted a decrease 
in neural activity within the stimulated cortex after cTBS application, which may indicate 
that cTBS can reduce sensory processing in the ipsilateral cortex. The increase in synchrony 
of resting-state activity in our results and the localised decrease in activity in the ipsilateral 
somatosensory cortex following cTBS in Rai’s study appear to reflect comparable trends, 
which implies the potential of cTBS to affect the activity within the stimulated cortex. 
Outcomes following 1 Hz LI-rTMS stimulation are less clear-cut. While previous reports 
suggest a purely uni-hemispheric effect, ours show bilateral and even contralateral 
outcomes. When Enomoto et al. (2001) examined the changes in excitability of the sensory 
cortex following rTMS stimulation by measuring changes in the somatosensory evoked 
potentials, they found that 1 Hz rTMS over the left M1 suppressed the activity of only the 
ipsilateral sensory cortex. Similar effects of 1 Hz stimulation were obtained by Vidoni et al. 
(2010) a few years later. They studied the impact of 1 Hz rTMS over left primary 
somatosensory cortex by observing cutaneous somatosensation and found that the 
Resting state fMRI study of brain activation using rTMS in rats Bhedita J. Seewoo | 65 
 
ipsilateral left hand was not affected by rTMS, but cutaneous somatosensation was found 
to be significantly impaired in the right hand. In other words, rTMS elicited no change in 
excitability of the contralateral somatosensory cortex. In contrast to this work, we found 
that the synchrony of the resting state activity of the somatosensory cortex was decreased 
bilaterally following 1 Hz stimulation. Some components showed a contralateral decrease 
in synchrony exclusively, while those with bilateral decrease a showed a stronger ipsilateral 
decrease in the synchrony of resting activity compared to the contralateral decrease within 
the same component.  
Although our findings regarding the effect of 1 Hz rTMS on the somatosensory cortex were 
not entirely consistent with the human studies discussed above, there is also evidence from 
studies in other brain regions that 1 Hz rTMS has effects on the contralateral hemisphere, 
matching some of our results on synchrony of resting activity. 1 Hz being an inhibitory 
frequency is thought to decrease the activity of inhibitory neurones in the stimulated 
hemisphere, causing a reduction in the inhibitory interhemispheric drive, which in turn leads 
to an increase in excitability of the contralateral hemisphere. This effect of 1 Hz rTMS has 
been exploited in treating stroke patients by applying low-frequency stimulation to the 
unaffected hemisphere to decrease transcallosal inhibition of the lesioned hemisphere and 
consequently improve motor function in stroke patients (Takeuchi et al. 2005, Mansur et al. 
2005, Fregni et al. 2006). The fact that the motor cortex in both hemispheres experiences a 
change in neuronal excitability following 1 Hz rTMS may explain the bilateral changes in 
synchrony observed in the motor cortex in our study. Interestingly, applying high-frequency 
rTMS to the lesioned hemisphere can have a similar effect by improving ipsilesional 
hemispheric excitability and hence improving motor rehabilitation. In a stroke study, 5 Hz 
(high-frequency) rTMS was applied ipsilesionally, and a bilateral increase in M1 connectivity 
was found (Li et al. 2016). In accordance with this study, we also found a bilateral increase 
in the synchrony of resting activity in the motor cortex following 10 Hz stimulation, a 
frequency that has similar effects to 5 Hz (Wilson and St George 2016).  
Previous human studies have found that there are bilateral changes in M1 activity following 
cTBS stimulation (Huang et al. 2005, Huang and Mouraux 2015). However, in our results, a 
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more prominent ipsilateral increase in the synchronised activity of the motor cortex was 
observed following cTBS LI-rTMS stimulation to the right hemisphere of the rat brains. 
Although one can argue that there was a change contralaterally as well (Figure 19), the 
degree of this change was not deemed substantial enough to be considered as an actual 
change in the synchrony of resting-state activity. The intrinsic differences between the 
methods used to detect changes in correlation and activity or the limitations in imaging 
measurements like EPI distortions could be the cause of this inconsistency. 
4.2.2.2 Hippocampus 
The hippocampus is an important brain region involved in memory, learning and emotion. 
It is located deep within the brain and therefore its activity is unlikely to be directly 
modulated by LI-rTMS, which affects only superficial regions directly underneath the coil 
(see Section 1.3). While the proximal changes in DMN may reflect the direct stimulation of 
those brain regions, any change in the activity of the hippocampus would be indirect and 
due to the modulation of functionally connected regions. We detected an ipsilateral 
decrease in the synchronised activity of the hippocampus following 10 Hz LI-rTMS 
stimulation. This result is supported by the associative memory study by Wang et al. (2014). 
They applied high-frequency (20 Hz) stimulation to the left lateral parietal cortex of healthy 
adults to non-invasively enhance the targeted cortical-hippocampal networks and study 
their role in associative memory. An ipsilateral change in the hippocampus was detected 
following multiple-session stimulation and the increased functional connectivity was 
correlated with improved associative memory performance. Hence, our results displayed a 
correlation profile that is coherent with what is known about the effect of high-frequency 
rTMS on the hippocampus in the literature.  
On the other hand, after 1 Hz LI-rTMS stimulation, we found a bilateral decrease in the 
correlation of hippocampal activity relative to other brain regions. van der Werf et al. (2010) 
also found that the hippocampus had reduced activation bilaterally following the 
application of low-frequency rTMS over the left dorsolateral prefrontal cortex. They 
hypothesised that this change was not due to direct stimulation because the changes in 
neural activity were observed distally relative to the site of stimulation. Consistent with this 
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finding, the change in the synchronised activity of the hippocampus observed in the DMN 
in our study could, therefore, be due to the change in cortical excitability or the transcallosal 
spread of LI-rTMS effects inducing bilateral inhibition.  
It is worth mentioning that BHFS is a relatively new pattern of stimulation and it has not yet 
been used in human studies. As such, there is little information about its effects in the 
literature. Two studies using BHFS LI-rTMS in mice have shown increased structural 
plasticity of visual pathway topography in the midbrain, thalamus and cortex (Rodger et al. 
2012, Makowiecki et al. 2014). In addition, an in vitro study identified intracellular calcium 
increases and changes in gene expression in dissociated mouse cortical neurons after LI-
rTMS BHFS (Grehl et al. 2015). However, it remains unclear how these cellular and molecular 
changes might relate to DMN changes. Like 1 Hz stimulation, BHFS also had a bilateral effect 
on the synchronised activity in the somatosensory cortex and the hippocampus. The motor 
cortex resting activity following BHFS LI-rTMS showed a completely different effect 
compared to the other three rTMS protocols. There was a contralateral decrease in the 
correlation of the motor cortex to other brain regions. Further studies in animals and 
humans are warranted to further investigate the effects of BHFS on the motor cortex.  
To date, all the studies on the effect of rTMS on the DMN’s structure and function have 
been conducted in humans. To the best of our knowledge, the present study is the first to 
show evidence of alterations in the DMN caused by LI-rTMS in a pre-clinical model and most 
of these changes are supported by the literature. LI-rTMS is a relatively new approach and 
the fact that it can elicit changes in the DMN is surprising given that no action potentials are 
induced. Our findings provide a framework to further explore how LI-rTMS affects the 
rodent DMN (using rs-fMRI) and its relevant functions (using behavioural tests) and 
eventually to translate these protocols to humans. 
4.3 DUAL REGRESSION: PRE- VS. POST- ACTIVE rTMS STIMULATION 
Statistical analysis of rs-fMRI rodent data is very complex. Following the convention in this 
field of brain imaging (Table 5), we reported z-scores rather than p-values. Even though 
there were differences in the DMN between the pre- and post- active rTMS stimulation 
(Figure 19), the dual regression results indicate that those changes were not statistically 
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significant. This issue could be related to the small sample size (n=6) in the present study, 
but most people accept that the large variability means that the standard regression-type 
approaches are not the most useful approach (Calhoun et al. 2009). Therefore, the results 
presented are z-maps from the group-ICA, rather than p-value maps from the dual 
regression analysis. 
Table 5. Reported statistics in recent rs-fMRI rodent studies. 
Research Article Rodent Sample 
Size 
Values reported 
Huang et al. (2016) Rat 9 Correlation coefficients for p<0.0056, corrected 
Sierakowiak et al. 
(2015) 
Rat 20 Functional correlation values for p<0.0005, 
uncorrected 
Tambalo et al. (2015) Rat 18+4 ctrl z > 5.6; (1-p) > 0.989 ≡ p < 0.011 
Zerbi et al. (2015) Mouse 15 z > 6; z-score min=2.7, max=15 
Lu et al. (2012) Rat 16 t>5.6, corrected p < 0.05 




z > 0 
Hutchison et al. 
(2010) 
Rat 20 z > 0 
For functional connectivity, z > 1 
4.4 ASSESSMENT OF ANALYSIS PARAMETERS 
4.4.1 Effect of smoothing 
Resting-state correlation data is based on low-frequency signals, and therefore, spatial 
smoothing is often used to improve signal-to-noise ratio without reducing valid activation. 
Smoothing works by averaging data points with their neighbours in fMRI images within a 
dataset independently (Mikl et al. 2008). For successful smoothing, the underlying 
activation area should be larger than the extent of smoothing. In other words, for detecting 
small areas of activation, lower smoothing, if any, should be used, but if larger areas of 
activation are expected, smoothing can be increased. We observed that increasing 
smoothing results in a reduction of ‘speckles’ and an increase in correlation (higher z-scores) 
between the time course of the voxels within the large clusters and the mean time course 
of the component (Figure 20A), indicating that increased smoothing is effective for 
identifying major areas of activation. In the study by Tian et al. (2013) assessing the effects 
of spatial and temporal features in ICA of rs-fMRI, they obtained similar results to our study 
when comparing 10 mm smoothed spatial maps to 5 mm ones. They detected an increased 
spatial smoothness and increased the number of significant voxels with higher spatial 
smoothing. 
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Moreover, smoothing reduces random noise within fMRI images, allowing better detection 
of real activations when performing statistical analyses. Data from other regions within the 
brain is added to a particular brain region, resulting in more independent components 
(Table 4). An increase in the number of components increases the number of independent 
observations being averaged and hence improves the validity of statistical tests by making 
the error distribution more normal (Tahmasebi et al. 2009). The percentage of useful 
components decreases with increased smoothing, meaning that more ‘noise’ components 
are identified and removed, making the resulting data ‘cleaner’. 
Furthermore, without smoothing, there can be imperfect functional alignment between the 
images of different subjects as activated brain regions are rarely represented in the same 
voxels. Smoothing accommodates for these variations by increasing the overlap of activated 
areas across subjects during co-registration of fMRI images of different animals to each 
other in group-ICA to find spatial correspondence between the brains (Mikl et al. 2008). This 
wider overlap between activated voxels explains the larger cluster size and reduction in 
‘spotty’ pattern of activation in the post- minus pre- 10 Hz stimulation group (Figure 20B) 
with increased smoothing.  
The recommended spatial smoothing is usually at least twice the voxel size (Worsley and 
Friston 1995). Nevertheless, in the literature, people use varying the amount of smoothing 
(see examples in Supplementary Table 1). The voxel size of our fMRI images was 3 mm 
(originally 0.3 mm but was upscaled by a factor of 10 during pre-processing, see section 
2.6.1) and we utilised a value of 5 mm (0.5 mm for original data) smoothing on all the 
datasets as most rodent studies use a smoothing of 0.3-0.6 mm. The drawbacks of high 
spatial smoothing of fMRI data include decreased resolution, blurring and shifting of 
clusters. For studies requiring detailed localisation of small clusters, limited spatial 
smoothing should be carried out on the data while if large changes are expected, smoothing 
may be used more generously. In short, the amount of smoothing for a particular study 
should be chosen carefully depending on the resolution of activation needed. For the 
purpose of our study, we could have used a higher smoothing value to increase the signal-
to-noise ratio and hence, obtain more statistically significant results. 
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4.4.2 Possible issues with rs-fMRI and rTMS in rodents 
4.4.2.1 Maintaining stable experimental conditions 
It is important to maintain stable conditions throughout an experiment and also between 
sessions to avoid confounding variables. That no change in synchronised resting activity was 
observed after sham stimulation (Figure 18) shows that the experimental conditions were 
sufficiently stable. Moreover, the reproducibility maps (Figure 17) show that the correlation 
at the centre of a cluster was always greater than a z-score of 2 irrespective of the timepoint 
and animal. Therefore, the correlations observed do not depend on the timepoint or the 
animal. However, several technical issues need to be considered when interpreting our 
data.  
Position of the animal during scan 
The rats were manually placed on the MRI bed, and their heads immobilised using a bite bar 
and ear bars. Although care had been taken to load each rat to the animal holder in a 
consistent fashion, the positioning of the ear bars inside the ear canals could vary from 
experiment to experiment, as could the positioning of the bite bar. Additionally, the 
stimulation coil was positioned on the right side of the head, next to the ear but the exact 
positioning may not have been consistent between experimental sessions (Section 2.4.1). 
Maintaining stable physiological conditions 
Fluctuations in physiological parameters can contribute to drifts in the BOLD signal causing 
physiological artefacts in the fMRI data. These physiological artefacts can introduce a 
significant and potentially confounding contribution to correlation measurements, thus 
reducing the sensitivity to detect differences between pre- and post- rTMS groups. The 
physiological parameters, including anaesthetic dose, body temperature, blood 
oxygenation level, and respiratory and pulse rates were monitored and controlled (See 
Section 2.3) during the entire experiment. Given that these parameters were stable over 
the duration of the experiment (Figure 13) and comparable for the same animal on different 
days and different animals, the effects of rTMS observed were not due to these basic 
physiological processes (Section 3.1). Moreover, correct pre-processing and artefact-
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cleaning procedure (Section 2.6.1) should decrease both intra- and inter-subject variability 
in the rs-fMRI data (Zerbi et al. 2015). Low pass filtering prior to ICA removes most of these 
effects, but low-frequency drifts may still remain and appear as independent components. 
Signals from common sources, for example, due to breathing, are isolated into separate 
components and therefore removed as noise from the single-session ICA data during pre-
processing. Additionally, fluctuations in BOLD signal caused by the cardiac cycle have been 
shown to have a low contribution (about 1%) to the total variation in rs-fMRI data of rats 
(Kalthoff et al. 2011). Therefore, the effect of the animals’ physiology on our fMRI data 
would be minimal. 
4.4.2.2 Use of anaesthetics 
In human studies, it can be assumed that the physiological condition of the subject is 
relatively constant throughout the rs-fMRI scan session (Pan et al. 2015). On the other hand, 
in animal rs-fMRI, the use of anaesthesia is required to immobilise the animal and reduce 
stress (Pan et al. 2015, Vincent et al. 2007). However, anaesthetics, including isoflurane 
used in this experiment, may confound the imaging results as they may cause alterations in 
neural activity, vascular reactivity and neurovascular coupling. These potential effects of 
isoflurane should be considered when interpreting findings. Studies indicate that isoflurane 
may affect the intracellular concentration of calcium (for review, see Gomez and 
Guatimosim 2003), which may result in a change in presynaptic transmission or postsynaptic 
excitability. Isoflurane decreases excitatory and increases inhibitory transmission, causing 
an overall suppression of neural activity (Gomez and Guatimosim 2003, Ouyang and 
Hemmings 2005). As such, in the presence of isoflurane, the ability of high-frequency rTMS 
to depolarise is impaired (Gersner et al. 2011). Additionally, isoflurane, being a GABAergic 
anaesthetic, induces vasodilation (Ohata et al. 1999), particularly in deep anaesthesia, 
through the activation of ATP-sensitive potassium channels of smooth muscle cells in 
cerebral arteries (Pan et al. 2015). Vasodilation leads to an increase in CBF, which may be 
interpreted as an increase in activity. Despite these confounding factors, isoflurane is the 
anaesthetic of choice for repeated long-term experiments (Masamoto and Kanno 2012). 
The effect of injectable anaesthetics tends to wear off within 20 minutes and also vary 
between individual animals, making it difficult to maintain a constant level of anaesthetic. 
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In contrast, isoflurane level can be kept within a specified range (1-2.5% in the present 
study) within and between experiment sessions. The concentration of isoflurane can also 
be adjusted (within the specified range: 1-2.5%) based on the physiological monitoring 
recordings to keep the physiological parameters from fluctuating outside the set range 
(Section 3.1). Moreover, the DMN has been shown to persist irrespective of the depth and 
type of anaesthetics used (Lu et al. 2007, Vincent et al. 2007, Kannurpatti et al. 2008, Zhao 
et al. 2008). 
4.5 FUTURE DIRECTIONS 
Further research into the refinement of rTMS protocols for animals and identifying the 
mechanisms by which rTMS acts is required. Future studies should focus on the enormous 
potential of different combinations of stimulation parameters such as optimal intensity, 
duration of stimuli per session, the frequency of sessions and coil dynamics as they are 
major determinants of the outcome of stimulation. To better understand the reported 
clinical benefits of rTMS in different neurological conditions, fMRI technology can be used 
to study the changes in brain activation in animal models specific to neurological disorders. 
The use of such animal models will allow us to link the rTMS-induced changes in the DMN 
(using rs-fMRI) to the changes in symptoms (through behavioural tests) following rTMS 
treatment. There is also need to optimise an rs-fMRI protocol for rTMS rat models to 
minimise artefacts and facilitate automated processing. More specifically, acquisition of a 
magnetic field map for improved distortion correction of the EPI images will facilitate better 
co-registration of images into a standard space. Similarly, collecting an EPI image with 
swapped direction of data encoding can also help with correction of image distortions. 
Instead of relying entirely on ICA clean-up to remove the effect of physiological noise, we 
could also regress these confounding time series from the data in post-processing to obtain 
a more significant result given that the physiological parameters were recorded by a 
dedicated laptop and were time-locked to the rs-fMRI acquisition. 
Diffusion tensor imaging (DTI) tractography can demonstrate the relationship between 
neuronal fibre density and the functional connectivity within the DMN. Therefore, a DTI 
study in parallel to an fMRI study could elucidate whether long-term treatment with rTMS 
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can also elicit changes in fibre tracts in the brain in the long run. Although there is a general 
trend towards structural (DTI) and functional (rs-fMRI) connectivity being strongly 
associated, it has been shown that there are some mismatches within the DMN whereby 
regions showing high correlation have low fibre connectivity (Hsu et al. 2016). It will be 
interesting to study whether the effect of rTMS on functional connectivity is related to the 
fibre connectivity as well. Subsequent invasive techniques such as molecular studies can 
then be used to explore those effects in greater detail and therefore provide information 
about how observed functional changes in resting-state networks reflect the changes 
detected at a molecular and cellular level. 
4.6 CONCLUSION 
This study presents preliminary evidence that demonstrates BOLD MRI signal changes after 
LI-rTMS in rodents. We have shown that FWHM 12 mm smoothing increases the signal-to-
noise ratio and 15 components in group-ICA are sufficient to detect rTMS-induced changes 
in the cortex, as well as in remote brain regions such as the hippocampus. Together, our 
findings on the rat DMN underscore the ability of LI-rTMS to modulate resting-state activity 
in interconnected brain regions. Hence, combined LI-rTMS-fMRI emerges as a powerful tool 
to visualise rTMS-induced functional connectivity changes at a high spatio-temporal 
resolution and help unravel the physiological processes causing the LI-rTMS-induced 
changes observed in the cortex. Nonetheless, the precise mechanisms generating these 
changes in the DMN remain to be elucidated. A more detailed understanding of the brain 
structures targeted by LI-rTMS and an fMRI protocol optimised to detect those effects will 
be essential for the interpretation of neuropsychological and cognitive effects of LI-rTMS in 
a clinical context. 
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APPENDICES 
APPENDIX 1: fMRI IMAGE PRE-PROCESSING PROTOCOL 
All data analyses were completed on an HP Z420 workstation with 64 GB of RAM and Linux 
operating system CentOS 7.2. 
A. Dicom to Nifti convertor 
In terminal: dcm2niix -z y <insert target file> 
B. X10 + motion correction + image reorientation 
For functional images: 
cp 2016*.nii.gz rs.nii.gz 
fslorient -setsform -0.3 0 0 0 0 0 1.05 0 0 -0.3 0 0 0 0 0 1 rs.nii.gz 
fslorient -copysform2qform rs.nii.gz 
fslswapdim rs.nii.gz x z -y rs.nii.gz 
cp rs.nii.gz rs_x10.nii.gz 
fslchpixdim rs_x10.nii.gz 3 10.5 3 
mcflirt -in rs_x10.nii.gz 
For T2 Anatomical: 
cp 2016*.nii.gz t2.nii.gz 
fslorient -setsform -0.1 0 0 0 0 0 1.05 0 0 -0.1 0 0 0 0 0 1 t2.nii.gz 
fslorient -copysform2qform t2.nii.gz 
fslswapdim t2.nii.gz x z -y t2.nii.gz 
cp t2.nii.gz t2_x10.nii.gz 
fslchpixdim t2_x10.nii.gz 1 10.5 1 
C. Brain extraction 
ITK_SNAP: Manually create a mask using baseline resting state fMRI image and save as a 
NIFTI file. 
In terminal to swap dimensions because output from ITK_SNAP is flipped in the x 
direction: fslswapdim <insert mask> -x y z <insert name of fixed mask> 
In terminal for brain extraction: fslmaths <insert target image> -mas <insert fixed mask> 
<insert name of new file with ‘_brain’> 
D. Registration of post-stimulation fMRI image to baseline image 
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In terminal for registration using FLIRT: /usr/local/fsl/bin/flirt -in <insert post-stimulation 
image from b> -ref <insert baseline image from b as reference image> -out <insert name of 
output co-registered image as rs2_rs1.nii.gz> -omat <insert name of output co-registration 
matrix as rs2_rs1.mat> -bins 35 -cost corratio -searchrx -90 90 -searchry -90 90 -searchrz -
90 90 -dof 6  -interp trilinear 
To correct volume: applyxfm4D <insert post-stimulation image from b> <insert baseline 
image from b> <insert name of output image as rs2_rs1_4D.nii.gz> rs2_rs1.mat -
singlematrix 
To correct repetition time (TR): cp rs2_rs1_4D.nii.gz rs2_rs1_4D_tr.nii.gz 
fslchpixdim rs2_rs1_4D_tr.nii.gz 3 10.5 3 1.5 
E. Single-session independent component analysis using MELODIC GUI 
Data Tab 
Input: Brain extracted images (rs1_brain.nii.gz for pre-stimulation and rs2_rs1_4D.nii.gz for 
post-stimulation) 
Output: The same directory 
Pre-stats Tab 
Motion Correction was switched off because it has already been carried out on the data. 
BET brain extraction was deselected because the input images have been skull-stripped. 
Spatial smoothing was left at the default value of 5 mm (also 8 and 12 mm for 10 Hz group). 
Temporal filtering was left at the default setting (Highpass). 
Registration Tab 
No registrations were carried out at this stage. 
Stats Tab 
Single-Session ICA was selected. 
 
All other settings were kept as default. 
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Supplementary Table 1: Examples of recent fMRI studies in rodents and humans and the 
respective fMRI data voxel size and smoothing used in pre-processing. 
Study Subject Voxel Size 
(mm) 
Smoothing (mm) Smoothing factor 
(to nearest 0.5) 
(Zerbi et al. 2015) Mice 0.263 x 
0.233 
0.3 x 0.3 X 1-1.5 
(Jonckers et al. 2011)  Mice 0.16 x 0.31 
x 0.4 
0.3 x 0.4 X 1 
Rats 0.23 x 0.23 
x 1 
0.4 x 0.4 X 2 
(Hsu et al. 2016)  Rats - 0.6 - 
(Huang et al. 2016)  Rats - 1 - 
(Tambalo et al. 2015)  Rats - 3 (0.3mm original 
voxel size) 
- 
(Lu et al. 2012)  Rats - 0.6 - 
(Hutchison et al. 2010) Rats 0.4 1.2 X 3 
(Sierakowiak et al. 2015)  Rats - 0.6 - 
Humans 3 8 X 2.5 
(Lappchen et al. 2015) Humans 3  12 X 4 
(Jansen et al. 2015) Humans - 5 - 
(Esslinger et al. 2014) Humans 3 9 X 3 
(Nettekoven et al. 2014) Humans 3.1 8 X 2.5 
(Gonzalez-Garcia et al. 
2011) 
Humans 2 8 X 4 
(Caparelli et al. 2010) Humans 3.125 mm 8 X 2.5 
(van der Werf et al. 2010) Humans 2.3 6 X 2.5 
(Vercammen et al. 2010) Humans - 10 - 
(Bestmann et al. 2008) Humans 2 8 X 4 
(Bestmann et al. 2004) Humans 2 3 X 1.5 
 




Supplementary Figure 1. Characteristic power spectra and time series for signal (A & C) 
and noise (B & D) components from single-session ICA. Signal components usually have a single 
low-frequency peak in their power spectra (A) and no spikes in their time series (C) while noise components 
have multiple high-frequency peaks in their power spectra (B) and spikes in their time series (D).  
The command below was run in a terminal with the working directory being the folder 
created by MELODIC and a,b,c being the component numbers labelled as ‘noise’: 
fsl_regfilt -i filtered_func_data.nii.gz -d filtered_func_data.ica/melodic_mix -f a,b,c -o 
filtered_func_data_clean.nii.gz 
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G. Co-registration of denoised fMRI images to anatomical image and atlas 
Due to the high resolution of the atlas, co-registrations of the low-resolution functional 4D 
image data to the high-resolution anatomical image to the atlas crashed (Error message: 
“Out-of-Memory”). Therefore, the atlas was down-sampled by a factor of 8 by running the 
following command three times: 
fslmaths <atlas> -subsamp2 <atlas_downsampled>  
FLIRT GUI was used for the co-registrations using the down-sampled atlas. The functional 
image was co-registered to the T2 anatomical image (high-resolution structural image) 
using 6 degrees of freedom that was co-registered to the downsampled brain atlas 
(standard space) using 9 degrees of freedom. The command lines output were as follows. 
Registration of anatomical image to atlas 
/usr/local/fsl/bin/flirt -in < t2_x10_brain.nii.gz > -ref <insert atlas> -omat rs_t2_atlas1.mat 
-bins 35 -cost corratio -searchrx -90 90 -searchry -90 90 -searchrz -90 90 -dof 9 
Registration of functional image to anatomical image 
/usr/local/fsl/bin/flirt -in filtered_func_data_clean.nii.gz -ref t2_x10_brain.nii.gz -omat 
rs_t2_atlas2.mat -bins 35 -cost corratio -searchrx -90 90 -searchry -90 90 -searchrz -90 90 -
dof 6  
Concatenation of the two transformation matrices obtained 
/usr/local/fsl/bin/convert_xfm -concat rs_t2_atlas1.mat -omat rs_t2_atlas.mat 
rs_t2_atlas2.mat 
Registration of functional image to the atlas using concatenated matrix 
/usr/local/fsl/bin/flirt -in filtered_func_data_clean.nii.gz -ref <insert atlas> -out 
rs_t2_atlas.nii.gz -applyxfm -init rs_t2_atlas.mat -interp trilinear 
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APPENDIX 2: DATA ANALYSIS 
A. Multi-session/subject ICA using MELODIC command line 
The multi-session temporal concatenation analysis was carried out on each group 
separately using the MELODIC command line in order to limit the number of components 
to 15: 
melodic -i inputlist.txt -o groupmelodic.ica -v --nobet --bgthreshold=10 --tr=1.500 --report 
-d 15 --mmthresh=0.5 --Ostats -a concat 
Group-ICAs with 30 components were also carried out on the post-10 Hz stimulation 
group to determine the effect of the number of components (Supplementary Table 2). The 
observed z-score ICA maps of 30-component analysis were very similar to the 15-
component analysis. However, the increased number of components caused components 
belonging to the same functional networks to split into different components.  
Supplementary Table 2. Comparison of group-ICA components when limiting the total 




15 components 30 components 
1 2, 7, 13 
2 1 
3 3 
4 6, 28 
5 4, 10, 17 
6 5 
7 9, 19, 21 
8 8, 12, 20, 23 
9 14, 27 
10 17, 30 
11 16, 25 
12 15 
13 17, 18, 29 
14 24, 30 
15 11, 26 
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Supplementary Table 3. Homologous ICA components (0 to 14) showing the DMN in the 
pre-stimulation group and the five post-stimulation groups (0 Hz, 10 Hz, BHFS, 1Hz and 
cTBS). 
Pre 0 Hz 10 Hz BHFS 1 Hz cTBS 
0 3 0,5,3 2 4 0 
1 0 2 0 3 1 
2 1 1 3 2 4 
3 - - - 0 2 
4 2 - 1 1 3 
11 11 10 10 9 10 
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B. Design and contrast matrices in the GLM tool 
 
Supplementary Figure 2. Design and contrast matrices in FSL/GLM tool. Single group paired 
difference was determined between pre- and post-stimulation by conducting a paired t-test (A) and group 
average for post-stimulation (B) and pre-stimulation (C) groups was determined by conducting a one-sample 
t-test. 
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C. Dual Regression 
Command line: 
dual_regression groupmelodic.ica/melodic_IC 1 design.mat design.con 5000 
groupmelodic.ica/dual_regression `cat inputlist.txt` 
Outputs obtained: 
1) For each dataset, the selected set of spatial maps from the group-ICA was regressed 
(as spatial regressors in a multiple regression) into the subject's 4D space-time 
dataset to generate subject-specific time series.  
2) Next, those time series were regressed (as temporal regressors) into the same 4D 
data set, resulting in a set of subject-specific versions of the spatial maps, one per 
group-level spatial map.  
3) Then, within-group differences (pre- vs. post-stimulation) were tested for using FSL's 
randomise permutation-testing tool. 5000 permutations were run (recommended 
in FSL tutorials online) 
 
  
Resting state fMRI study of brain activation using rTMS in rats Bhedita J. Seewoo | 102 
 
D. Group-ICA comparison 
The group-ICA components were 3D rendered in MRIcroGL software (Rorden and Brett 
2000) using the ICA components as an overlay on the brain atlas. 
 
 
Supplementary Figure 3. Independent component maps of rs-fMRI group-ICA datasets 
overlaid on 3D-rendered standard Sprague Dawley brain atlas showing differences in 
resting activity in pre-stimulation, 10 Hz, BHFS, 1 Hz and cTBS groups. The spatial colour-coded 
z-maps of the group-ICA components are overlaid on the brain atlas (down-sampled by a factor of 8). A higher 
z-score (bright red) represents a higher correlation between the time course of that voxel and the mean time 
course of this component. Colour bar indicates z-scores (n = 24, thresholded at z > 2, uncorrected p-value < 
0.0455 for a two-tailed hypothesis). 
E. Reproducibility over time and between subjects 
1) The individual subject z-maps obtained from dual regression of pre-stimulation 
group datasets were thresholded to z > 2 using the command:  
fslmaths <z-transformed file> -thr 2 <thresholded dataset> 
2) The thresholded dataset was then binarised by running the command below in a 
terminal. All data above 0 were given a value of 1. 
fslmaths <thresholded dataset> -bin <binarised dataset> 
3) To visualise reproducibility over time, the binarised datasets for each timepoint 
were added to give a combined dataset for each animal. The following command 
line was used: 
fslmaths <binarised dataset 1> -add <binarised dataset 2> <1 plus 2> 
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APPENDIX 3: BRAIN ATLAS 
A 
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Orbital cortex DLO, LO, MO, VO 
Cingulate cortex Cg2 
Auditory cortex Au1, AuD, AuV 
Somatosensory cortex S1BF, S1FL, S1DZ, S1J, S1Tr, S1ULp, S2 
Striatum/caudate putamen CPu 
Retrosplenial cortex RSA, RSGa, RSGb 
Temporal association cortex TeA 
Prelimbic cortex PrL 
Parasubiculum PaS 
Entorhinal cortex Dsc, LEnt, Ment 
Hippocampus alv, CA1, CA2, CA3, fi 
Visual cortex V1B, V1M, V2L, V2ML, V2MM 
Inferior colliculus BIC, bic, CIC, cic, DCIC,  ECIC, ReIC 
Motor cortex M1, M2 
Supplementary Figure 4. Snapshots of the rat brain atlas corresponding to coordinates 
y=71 and z=46 (A) and y=60 and z=40 (B) in the pre-stimulation group-ICA components 0 
and 11 respectively. The brain regions considered and their respective abbreviations are given. (Paxinos 
and Watson 1998) 
